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ABSTRACT 
Coccidiosis, caused by intestinal protozoan parasites of genus Eimeria, continues to be one of the 
most widespread and economically important diseases in commercial poultry production.  A 
series of four experiments were conducted to evaluate the interrelationships of Eimeria 
acervulina infection and amino acid (AA) nutrition in broiler chickens.  In Experiment 1, growth 
performance, apparent ileal digestibility (AID) of AA, and plasma concentrations of AA, 
carotenoids, and α1-acid glycoprotein, an acute-phase protein, were evaluated in broilers 
inoculated with graded doses of E. acervulina oocysts.  With the exception of Trp and Gly, AID 
of all AA decreased linearly or quadratically with increasing infection dose.  The greatest 
reductions were observed for Cys, Ala, Val, Ser, and Thr.  Plasma AA levels generally did not 
correspond with reductions in AID, with decreases observed for Arg, Tyr, Gln, and Asn and 
increases observed for Lys, Leu, Ile, Val, Pro, and Orn.  Plasma α1-acid glycoprotein of broilers 
was not influenced by E. acervulina infection. In Experiment 2, the effects of supplementing 
copper, which can influence nutrient utilization, in diets of varying in AA density (low and high) 
on growth performance, apparent metabolizable energy, nutrient digestibility, and plasma 
carotenoids were evaluated in broiler chicks infected with E. acervulina. Growth performance of 
broilers fed the high AA density diets was improved compared with those fed low AA density 
diets.  Copper supplementation generally improved pre-inoculation feed intake and weight gain 
of broilers fed low AA density diets.  Eimeria infection markedly reduced plasma carotenoids, 
growth performance, apparent metabolizable energy, and nutrient digestibility of broilers, with 
little influence of dietary AA density or copper supplementation. Various interactions among AA 
density, copper supplementation, and infection status were observed for AID of AA.  Experiment 
3 included 2 separate trials that were conducted to determine if E. acervulina infection affected 
the potential for individual AA to become limiting in low crude protein diets fed to broilers, as 
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indicated by growth performance, plasma carotenoids, and gene expression of intestinal 
cytokines during the acute and recovery phases of infection.  A low crude protein diet that 
adequately supported broiler growth and allowed flexibility to formulate large reductions in 
individual AA concentrations was validated.  Broilers were then fed the validated diet with equal 
(40%) reductions in individual or pairs of metabolically-related AA (Met + Cys, Lys, Thr, Val, 
Ile, Arg, Phe + Tyr, and Gly + Ser).  The impact of E. acervulina on growth performance varied 
among the dietary groups, but the overall relative ranking of growth responses to AA reductions 
was similar for infected and uninfected birds.  Intestinal cytokine responses to E. acervulina 
were not influenced by any of the dietary AA reductions.  Experiment 4 evaluated the effects of 
feeding high (1.23% digestible) or low (0.74% digestible) Arg diets during the acute and 
recovery phases of E. acervulina infection on broiler growth and plasma levels of carotenoids, 
AA, urea, and nitric oxide, an important molecule in the immune response to Eimeria infection 
for which Arg is the key substrate.  Plasma ratios of Arg:Lys indicated that dietary reduction of 
Arg induced antagonism between these two AA, regardless of infection status.  In contrast to 
Experiment 1, plasma levels of both Arg and Lys of birds fed the high Arg diet were increased 
with infection, but the relatively larger increase in Lys led to a lower plasma Arg:Lys ratio for 
infected birds.  Infection had minimal effects on plasma levels of these AA in birds fed the low 
Arg diet.  Dietary Arg reduction did not inhibit the large E. acervulina-induced increase in 
plasma nitric oxide for birds at peak infection, but did affect plasma nitric oxide at lower levels 
observed is uninfected birds and in infected birds after recovery.  Overall, this research 
demonstrates that E. acervulina-induced losses in broiler growth performance extend beyond 
reduced AA digestibility and identifies potential inefficiencies in AA metabolism that arise 
during coccidiosis.
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CHAPTER 1: INTRODUCTION 
Coccidiosis is a prevalent disease in poultry that arises from intestinal parasitic infection 
by protozoan species of genus Eimeria.  Since the advent of the commercial poultry industry, it 
is likely that no disease has been as consistently widespread and costly for poultry producers as 
coccidiosis.  In a landmark paper that first characterized several of the most common species of 
Eimeria that infect chickens, Tyzzer (1929) suggested that until drugs were developed to 
eliminate coccidiosis, “corrective measures in the way of cleanliness and in furnishing a highly 
nutritional diet should be undertaken at the first appearance of the disease.”   Furthermore, 
Tyzzer recognized “intentional production of a light coccidiosis as a measure for immunizing 
chickens in the control of the disease,” but cautioned that, “the element of danger in feeding 
small doses of oocysts to an entire flock would be in the re-ingestion of oocysts that pass through 
the intestine without hatching, some birds thus acquiring much larger doses than others and also 
in the reinfection from oocysts developing from the primary infection.”   
Today, the commercial poultry industry finds itself facing the same challenges in the 
control of coccidiosis that were recognized by Tyzzer almost 90 years ago.  Although 
approximately 30 anti-coccidial drugs have been developed and commercialized since Levine 
(1939) first demonstrated the coccidiostatic effect of sulfanilamide, diminished drug efficacy 
against resistant Eimeria isolates, legislation concerning the use of drugs in animal production, 
and consumer demand for antimicrobial-free production practices are currently driving many 
poultry producers away from the use of these compounds.  Moreover, there are currently 16 
coccidiosis vaccines commercially available to poultry producers (Tellez et al., 2014), but as 
cautioned by Tyzzer, effective vaccination is still often plagued by poor uniformity in vaccine 
delivery and subsequent flock immunity, often resulting in subclinical, growth-impairing 
coccidiosis (Chapman, 2002).  Consequently, an impetus has again been created for “corrective 
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measures in the way of cleanliness and in furnishing a highly nutritional diet.”  This dissertation 
will address the interface of nutrition and coccidiosis in broiler chickens, with a specific focus on 
amino acid metabolism. 
Research conducted at this university in the late 1950s and early 1960s led to the concept 
of an ideal dietary amino acid pattern that satisfies the animal’s minimum requirement for these 
nutrients with little excess (Dean and Scott, 1965).  This triggered extensive efforts that continue 
today to refine this amino acid pattern for broiler chickens of different sex, genetics, and ages 
raised under various environmental conditions.  Not all amino acids in feedstuffs are biologically 
available (i.e., able to be digested, absorbed, and metabolized) to the animal, and the greatest 
limiting factor and best predictor of amino acid bioavailability is digestibility (i.e., digestion and 
absorption) (Batterham, 1992).  Thus, development and refinement of assays to determine amino 
acid digestibility of feed ingredients enabled nutritionists to base diet formulations on the 
digestible, rather than total, amino acid content of feed ingredients (Sibbald, 1979; Parsons, 
1986; Ravindran and Bryden, 1999).  This further improved the accuracy of diets in meeting the 
ideal amino acid pattern of broiler chickens for optimum growth and efficiency. 
It has been established that disease presents considerable nutritional costs to a growing 
animal that result from decreased feed intake and redistribution of nutrients from growth to be 
used in the synthesis of cells and proteins of the immune system (Klasing, 1988).  Although this 
concept is often referenced, relatively little quantitative evidence exists on which to justify 
practical changes in diet formulation for disease-challenged animals.  Regarding amino acids, 
most research in this area addresses effects of disease on the requirement of a single amino acid 
for growth or some measure of immune function.  However, metabolic inefficiencies that may 
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arise from changes in the overall ideal amino acid pattern of animals during disease are often 
overlooked.  
The degree to which coccidiosis alters the ideal amino acid profile of broilers, as affected 
by changes in growth, synthesis of immune system components, and increased nutrient needs for 
intestinal repair, is relatively unknown.  Additionally, it is well established that coccidiosis 
causes amino acid malabsorption (Joyner et al., 1975), but the relative impact of this disease on 
digestibility of individual amino acids has not been extensively quantified using current 
digestibility assays.  Disproportionate changes in digestibility among acids would result in 
discrepancy between the intended and actual profile of bioavailable amino acids in the diet.  This 
could potentially result in a dietary limitation of amino acids, particularly for those that are 
already provided at a concentration that is close to the requirement.  Therefore, to help delineate 
the extent to which changes in amino acid digestibility and post-absorptive amino acid 
metabolism each contribute to losses in broiler growth performance during coccidiosis, and to 
identify potential dietary intervention strategies, the current research was carried out with the 
following four objectives: 
1) To test the hypothesis that growth performance, apparent ileal digestibility (AID) of 
amino acids, and plasma concentrations of amino acids, and α1-acid glycoprotein, an 
acute-phase protein, of broilers respond to inoculation with E. acervulina oocysts in a 
dose-dependent manner  
2) To investigate the effects of E. acervulina infection, dietary copper supplementation, 
and amino acid density on growth performance, apparent metabolizable energy, and 
AID of dietary nutrients.  It was hypothesized that copper supplementation would 
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improve nutrient digestibility, which would be particularly important for birds fed the 
low amino acid density diet. 
3) A.) To validate a low crude protein dietary formulation strategy to adequately support 
broiler growth and allow flexibility to formulate large reductions in individual amino 
acids, and B.) To use the validated diet to test the hypothesis that E. acervulina 
infection affects the potential for individual amino acids to become limiting in low 
crude protein, as indicated by growth performance and gene expression of intestinal 
cytokines. 
4)  Based on results from experiments in Objectives 1 and 3, it was hypothesized that E. 
acervulina infection would cause a metabolic imbalance between Arg and Lys, which 
would be exacerbated with dietary Arg limitation.  Thus, for Objective 4, we 
evaluated the effects of feeding high (1.23% digestible) or low (0.74% digestible) Arg 
diets during the acute and recovery phases of E. acervulina infection on broiler 
growth and plasma levels of amino acids, urea, and nitric oxide, an important 
molecule in the immune response to Eimeria infection for which Arg is the key 
substrate.  
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CHAPTER 2: LITERATURE REVIEW 
Coccidiosis in Poultry 
Biology of Avian Eimeria 
Avian coccidiosis is a prevalent disease in poultry resulting from intestinal parasitic 
infection by protozoan species of genus Eimeria.  The most widely recognized Eimeria species 
that infect poultry include E. tenella described by Raillet and Luct (1891), E. acervulina, E. 
maxima, and E. mitis described by Tyzzer (1929), E. necatrix and E. praecox described by 
Johnson (1930), and E. brunetti described by Levine (1942).  Of these 7 species, all but E. 
praecox and E. mitis produce gross mucosal lesions and are considered highly pathogenic for 
poultry.  Due to its prevalence, cost of prevention, and impact on production efficiency, 
coccidiosis is one of the most economically important diseases for poultry producers worldwide 
(Williams, 1999).   
Eimeria parasites have a complex life cycle that occurs within and outside of the host and 
involves both asexual and sexual reproduction (Figure 1).  Eimeria parasites persist in the 
environment in the form of thick-walled oocysts that are shed in the feces of the infected host.  
Transmission within flocks occurs through ingestion of contaminated feed, water, and litter.  To 
become infective, excreted oocysts must undergo sporulation in the environment, a process that 
requires oxygen, moisture, and heat.  Poultry house conditions are typically favorable to oocyst 
sporulation, and 95% of E. acervulina oocysts in poultry house litter were sporulated within 5 
days of excretion (Williams, 1995).  Furthermore, sporulated oocysts remained viable for up to 3 
weeks (Williams, 1995).  Chickens exposed to daily inoculations of sporulated Eimeria oocysts 
continually shed oocysts for up to 25 d, depending on Eimeria species, before protective 
immunity was sufficient to cease oocyst shedding (Stiff and Bafundo, 1993).  Thus, it is clear to 
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see that broiler chickens raised in houses contaminated with Eimeria oocysts will remain 
susceptible to infection throughout the majority of a typical 5 to 7 wk growing period. 
After ingestion, Eimeria undergo a complex reproductive cycle within the host that is 
initiated by the release of 4 sporocysts from each ingested oocyst following oocyst wall 
degradation in the crop and gizzard.  Upon interaction with digestive enzymes secreted into the 
lumen by the host, 2 sporozoites are released from each sporocyst.  Sporozoite surfaces are 
covered with glycosylphosphatidylinositol-anchored proteins that likely aid in the initial 
attachment of sporozoites to host enterocytes (Chapman et al., 2013).  After attachment, 
sporozoites infiltrate enterocytes and undergo multiple rounds of asexual reproduction 
(schizogony) to produce mereozoites, which escape into the lumen from host cells and invade 
neighboring cells.  Merozoites subsequently develop into micro- and macrogametes and undergo 
sexual reproduction (gameteogony) to produce zygotes that develop into unsporulated oocysts 
and are excreted by the bird. 
Each Eimeria species infects a defined region of the intestinal tract.  Eimeria acervulina, 
E. praecox, and E. mivati infect the duodenum and upper jejunum, E. maxima and E. necatrix 
infect the jejunum and ileum, E. brunetti infects the lower ileum and large intestine, and E. 
tenella infect the ceca.  Poultry flocks are typically exposed to multiple Eimeria species, and E. 
acervulina, E. maxima, and E. tenella are commonly isolated from broiler flocks in the United 
States (McDougald et al., 1986; Schwarz et al., 2009).  Crowding effects, whereby infection is 
limited by available enterocytes within an infection region, can occur within and among species 
(Williams, 2001), and species that overlap in their region of parasitism (e.g., E. praecox and E. 
maxima) can infect enterocytes from different regions of individual villi (Johnston et al., 2001).    
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Pathogenesis 
The most common clinical signs of coccidiosis in growing poultry are diarrhea, decreased 
skin and shank pigmentation, and reduced weight gain and feed efficiency, but mortality due to 
coccidiosis alone is generally rare in the field (Williams, 1999).  Preston-Mafham and Sykes 
(1970) used pair-feeding studies to demonstrate that 30 to 70% of the decreased weight gain 
following an acute E. acervulina infection was due to depressed feed intake, with the remainder 
attributed to impaired nutrient utilization.  In a meta-analysis of experimental Eimeria infections, 
Kipper et al. (2013) showed that the proportion of losses in weight gain that can be accounted for 
by reduced feed intake versus reduced feed efficiency vary with infection severity and Eimeria 
species.  The loss in weight gain not accounted for by reduced feed intake is a summative 
outcome of a number of pathological changes that take place in poultry following Eimeria 
infection. 
The intracellular Eimeria reproductive stages cause extensive damage to the intestinal 
epithelium.  Using scanning electron microscopy, Witlock and Ruff (1977) observed truncated 
and flattened villi that consisted of patches of absent or ruptured enterocytes in Eimeria–infected 
birds.  These observations confirmed those of Fernando and McCraw (1973),  who reported 
shortened and thickened villi, elongated crypts, and increased enterocyte turnover rate in 
chickens infected with E. acervulina.  Peak intestinal epithelia damage occurs approximately 6 d 
after acute inoculation with E. acervulina, and villi morphology begins to recover rapidly 
following peak infection (Fernando and McCraw, 1973).  Eimeria infection also increases the 
moisture content of the small intestine, likely due to edema, and increases intestinal length which 
may be caused by smooth muscle relaxation in response to catecholamine release (Allen, 1984).  
Intestinal mucogenesis is characteristic of coccidiosis, and infection of birds with E. maxima 
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increased theca size of mucin-producing goblet cells within the crypt, indicating increased 
cellular mucus accumulation (Collier et al., 2008).  Mucin produced during coccidiosis is a 
preferred substrate for growth of intestinal Clostridium perfringens, the etiological agent of 
necrotic enteritis, making coccidiosis a key predisposing factor to another economically 
important disease in poultry (Williams, 2005; Collier et al., 2008) 
Morphological intestinal damage caused by coccidiosis is also accompanied by impaired 
function.  Pancreatic and mucosal brush border enzyme activity is reduced at the site of 
infection, whereas brush border enzyme activity may be increased in uninfected intestinal 
regions as a means to compensate for losses in nutrient recovery (Major and Ruff, 1978; Allen, 
1987; Adams et al., 1996b).  Furthermore, Eimeria infection may cause intestinal pH to fall 
below the optima for digestive enzymes (Major and Ruff, 1978), as pH was reduced from 6.62 to 
6.19, 6.75 to 5.87, and 7.99 to 6.24 in the upper, middle, and lower intestine of chickens 7 d after 
inoculation with 5 × 10
5
 E. acervulina oocysts (Ruff et al., 1974a).  Consequently, Eimeria-
induced pH reductions likely impact nutrient digestion and solubility in the lumen.  
Compromised intestinal integrity leads to increased plasma protein leakage, nutrient 
malabsorption, and poor barrier function during coccidiosis (Joyner et al., 1975).  Indeed, 
infection with E. maxima increased bacterial translocation to the spleen, which was exacerbated 
by co-infection with Clostridium perfringens (Collier et al., 2008). 
Decreased skin pigmentation is readily noticeable in chickens with moderate to severe 
coccidiosis, and Eimeria infection was identified as a primary contributor to “pale bird 
syndrome” (Tyczkowski et al., 1991).  Skin and yolk pigmentation are extremely important 
product traits in certain consumer markets, particularly in Mexico and China (Rajput et al., 
2013).  Pigmentation of poultry skin and egg yolks results from deposition of carotenoid 
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pigments, which are completely derived from dietary supply.  Infection with any of the major 
Eimeria species leads to reduced plasma carotenoids, and the magnitude of the reduction 
increases with the number of oocysts ingested by the bird (Ruff et al., 1974b).  Low plasma 
carotenoids also correspond with lower intestinal and liver carotenoid concentrations (Allen, 
1992).  Impaired intestinal formation and transport of micelles, in which carotenoids are a 
component, are likely key contributors to reduced carotenoid supply during coccidiosis (Adams 
et al., 1996a).  However, in the absence of intestinal damage, an active acute-phase response 
induced by lipopolysaccharide (LPS) injection reduced tissue plasma and liver carotenoids, but 
increased bursal carotenoids, suggesting carotenoid prioritization for immune function (Koutsos 
et al., 2003).  Indeed, in ovo or dietary supply of carotenoids attenuated the inflammatory 
response of chickens to LPS injection compared with chickens deplete of carotenoids (Koutsos et 
al., 2006).  Thus, in addition to the economic importance of carotenoids for skin pigmentation, 
impaired dietary carotenoid utilization may have ramifications for a proper immune response to 
Eimeria infection. 
Control Measures 
The poultry industry has successfully relied on the prophylactic administration of 
anticoccidal drugs to minimize severe coccidiosis outbreaks in the field since the 1940s 
(Chapman et al., 2010).  Anticoccidal agents may be considered coccidiostatic if some oocyst 
production and lesions occur at the time of their withdrawal, or coccidiocidal if lesions and 
oocysts production are completely suppressed at the time of their withdrawal (Reid et al., 1969). 
Modes of action for the various commercially-available anticoccidial drugs are diverse but can 
typically be divided into ionophores that disrupt Eimeria membrane function (e.g., monensin), 
quinolones that effect energy metabolism of the parasite (e.g., buquinolate), and chemicals that 
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impact co-factor synthesis (e.g., amprolium and sulphonamides) (Chapman, 1999).  Prolonged 
use of a single anticoccidial agent can lead to drug-resistant isolates, but resistance can be 
circumvented by rotating among drug types (Chapman et al., 2010).  Nonetheless, legislation and 
consumer demand for antimicrobial-free production practices is pressuring poultry producers 
away from the use of these compounds. 
The most feasible alternative to anticoccidal drugs in the prevention of coccidiosis is 
vaccination (Chapman et al., 2002).  Several coccidiosis vaccines are commercially available, 
and most are live, non-attenuated mixtures of 3 or more Eimeria species designed to be sprayed 
on or ingested by the bird (Tellez et al., 2014).  Successful vaccination using live oocyst vaccines 
requires cycling of the Eimeria parasites, which involves infection, reproduction, shedding and 
re-infection, for the birds to fully develop immunity to subsequent infections.  This cycling can 
result in mild, transient coccidiosis, with peak intestinal lesions and inflammation occurring 
between 18 and 23 days, particularly when immunity acquisition is not uniform throughout the 
flock (Chapman et al., 2002).  Consequently, vaccination may lead to reduced growth 
performance during the early stage of the production period (Lehman et al., 2009; Lee et al., 
2011).  However, in contrast to coccidiosis outbreaks during the later stages of the growing 
period, growth performance losses due to early Eimeria cycling may be recovered through 
compensatory gain, especially when broilers are grown to a heavy target weight.  This presents 
an opportunity for nutritional intervention to maximize the compensatory gain of broilers 
recovering from the transient Eimeria infection.
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Avian Immune System and Response to Eimeria Infection 
Innate and Adaptive Immune Systems 
 The primary functions of the immune system are to protect the host from infection by 
detecting and eliminating pathogens without undue damage to host cells, and to develop 
immunological memory such that subsequent responses to previously-encountered pathogens are 
more robust and efficient.  This requires a complex, rapid, and sustained response that is 
coordinated by the innate and adaptive arms of the immune system.  The innate immune system 
consists of physical and chemical barriers of the skin and mucosal tissue, soluble proteins 
(complement), and various cells which differentiate from hematopoietic stem cells of bone 
marrow.  In chickens, key cells of the innate immune system include natural killer cells, 
heterophils (analogous to mammalian neutrophils), and monocyte-derived macrophages and 
dendritic cells.  Innate immune cells are equipped with specialized receptors, such as the toll-like 
receptors, that recognize highly-conserved, pathogen-associated molecular patterns (PAMP).  
Once physical barriers of the skin and mucosa have been breached and PAMP have been 
detected, innate immune cells respond rapidly and initiate an inflammatory response through 
secretion of cytokines that serve as signaling molecules to attract and activate additional immune 
cells to the site of infection.  The inflammatory response typically ensues within minutes of 
pathogen exposure. 
Macrophages and dendritic cells play central roles in antigen presentation to the adaptive 
immune system, and are thereby critical for integration of innate and adaptive immunity.  In 
addition to antigen presentation, macrophages serve diverse functions throughout the body.  
Classically-activated macrophages, referred to as M1 macrophages in mammals, clear pathogens 
via phagocytosis, oxidative damage mediated by reactive oxygen and nitrogen species, and 
secretion of antimicrobial peptides and enzymes.  These M1 macrophages secrete pro-
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inflammatory cytokines, including interleukin-1β (IL-1β) and interleukin-6 (IL-6) (Murray and 
Wynn, 2011).  Nitric oxide (NO) exerts antimicrobial and anti-parasitic activity, and its 
production from Arg is catalyzed by inducible NO synthase (iNOS) expressed by M1 
macrophages (Bogdan, 2001).  In contrast to M1 macrophages, alternatively-activated M2 
macrophages are primarily involved in tissue repair and secrete anti-inflammatory cytokines 
including interluekin-10 (IL-10) (Murray and Wynn, 2011).  Alternatively-activated M2 
macrophages convert Arg to Orn through expression of arginase, and Orn supports cellular 
replication by serving as a substrate for synthesis for polyamines, which are required for DNA 
replication (Moinard et al., 2005).  Therefore, M1 macrophages compete for extracellular Arg to 
limit infection though NO-mediated inflammatory response, whereas M2 macrophages utilize 
Arg to limit collateral damage by decreasing inflammation and promoting tissue repair.  Djeraba 
et al. (2002) confirmed that both iNOS and arginase activity are alternatively regulated in avian 
macrophages, as indicated by NO production and arginase activity, and this balance influenced 
the susceptibility of chickens to Marek’s disease. 
 Pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 introduced into peripheral 
circulation by activated macrophages can initiate a series of systemic metabolic changes 
collectively referred to as the acute-phase response, which can involve anorexia, fever, changes 
in nitrogen balance, and synthesis of acute-phase proteins (Klasing, 1988).  Acute-phase proteins 
are produced by hepatocytes upon stimulation with pro-inflammatory cytokines and are secreted 
into systemic circulation.  Several acute-phase proteins have been characterized in poultry, and 
among others, include α1-acid glycoprotein (AGP), ceruloplasmin, ovatransferrin, and serum 
amyloid A (O’Reilly and Eckersall, 2014). These proteins can participate directly in host defense 
and aid in transport of other proteins with antioxidant activity. 
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  Whereas innate immune cells act rapidly and non-specifically to limit infection, the 
adaptive immune response takes longer to initiate and mounts a specific response to the invading 
pathogen.  Furthermore, cells of the adaptive immune response retain immunological memory 
such that recurring infections by the same pathogen are prevented.  The adaptive immune 
response can be further divided into humoral and cell-mediated immunity, which are mediated 
by B and T cells, respectively.  In chickens, B cells initially develop in the bursa of Fabricius, 
whereas T cells primarily develop in the thymus.  Antigen presenting cells (i.e., macrophages 
and dendritic cells) process pathogen-derived antigens for presentation to T cells in association 
with major histocompatibility (MHC) class I or class II molecules.  Subclasses of T cells are 
categorized according to their function and cluster of differentiation (CD) surface markers. 
Antigen presented with MHC class I is recognized by cytotoxic CD8+ T cells, whereas antigen 
presented with MHC II is recognized by CD4+ T helper cells.  These T cells can also be further 
divided into αβ or γδ subclasses, based on their surface T cell receptor.  For B cell activation, B 
cells process antigen recognized by surface immunoglobulin (Ig) receptors and present antigen-
derived peptides in the context of MHC II molecules on the B cell surface (Ratcliffe et al., 1986).  
Helper T cells specific to these peptide-MHC II complexes bind and activate the B cell to 
produce cytokines that induce proliferation and maturation to antibody secreting cells (Ratcliffe 
et al., 1986).  The function of T and B cells in the context of an Eimeria infection will be 
discussed below. 
Immune Response to Eimeria Infection 
Immune responses of chickens during coccidiosis are complex and specific to each 
Eimeria species, as immunity to one species generally confers little cross protection against 
others (Rose and Long, 1962).  Because coccidiosis is an enteric disease, the immune response is 
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primarily coordinated by gut-associated lymphoid tissue, which consists of the intestinal mucosal 
layer, bursa of Fabricius, and aggregated lymphoid tissue in the Meckel’s diverticulum, Peyer’s 
patches, and cecal tonsils (Befus et al., 1980).  Various leukocytes are found within epithelial 
cells and the underlying lamina propria throughout the intestine, and the predominant subtypes of 
these cells is distinctly altered according to the invading Eimeria species.  Although species-
specific antibodies are produced following Eimeria infection, early studies involving 
bursectomized chicks revealed that B cells of the humoral immune response play only a minor 
role in immunity to Eimeria (Long and Pierce, 1963).  Thus, adaptive immunity to Eimeria is 
primarily cell-mediated.  Concurrent infection with multiple Eimeria species results in intestinal 
immune cell and cytokine responses that represent the culmination of individual responses for 
each species involved (Cornelissen et al., 2009). Immunocytochemical staining indicated that 
macrophages and T cells accounted for the majority of intestinal leukocytes following Eimeria 
infection (Vervelde et al., 1996). 
Definitive characterization of cell-mediated immunity to Eimeria infection has proved 
difficult.  This could be due to the fact that cellular immune responses during coccidiosis are 
impacted by various factors including route, dose, and species of Eimeria, age and genetics of 
the host bird, and timing of response measurements following infection  (Swinkels et al., 2007; 
Velkers et al., 2010).  Following E. acervulina infection, the proportion of intraepithelial CD8+ 
cytotoxic T cells were increased in the duodenum of chicks (Bessay et al., 1996; Swinkels et al., 
2007; Cornelissen et al., 2009), and elimination of CD8+ T cells with anti-CD8+ antibody 
exacerbated E. acervulina and E. tenella infections, as indicated by increased oocyst shedding 
(Trout and Lillehoj, 1996).  However, passive inoculation of birds with E. acervulina via co-
mingling with orally-inoculated birds did not cause significantly greater CD8+ T cell infiltration 
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in the duodenum, although moderate increases were observed (Velkers et al., 2010).  Several 
authors have reported increased intestinal CD4+ T cell populations following E. acervulina 
infection (Bessay et al., 1996; Choi et al., 1999), and it has been suggested that CD4+ T cells are 
more critical during primary infection than for protective immunity to subsequent infections 
(Velkers et al., 2010).  Increased numbers of T cells bearing γδ+ T cell receptors is also a 
common response following E. acervulina infection, but γδ+ T cells may be more related to 
intestinal immunopathology rather than control of the parasite (Velkers et al., 2010). 
The cell-mediated response to Eimeria infection is coordinated by secretion of various 
cytokines, and T helper cells are differentiated by the cytokines that they secrete. In general, TH1 
responses regulate immunity to intracellular pathogens through production of pro-inflammatory 
cytokines, whereas TH2 cytokines secrete anti-inflammatory cytokines to regulate the 
inflammatory response.  Interferon-γ is a hallmark CD4+ TH1 cytokine, although also produced 
by CD8+ T cells, that appears to be indispensable for host protection from Eimeria (Chapman et 
al., 2013). Interferon-γ primes macrophages for NO production and inhibits intracellular Eimeria 
replication (Lillehoj and Choi, 1998; He et al., 2011).  Therefore, a key role of IFN-γ may be to 
drive NO production during Eimeria infection, and dose-dependent increases in plasma NO have 
been reported following E. acervulina infection (Allen, 1997a; b, 1999).  Interlukin-4 is 
classically associated with tissue injury and TH2 cytokine responses induced by parasitic or 
extracellular infection, as well as M2 alternative macrophage activation (Murray and Wynn, 
2011).  However, chicken IL-4 has been demonstrated to have bi-directional pro- and anti-
inflammatory properties for isolated chicken macrophages (He et al., 2011).  Interleukin-4 
expression was strongly correlated with mucin production in birds co-infected with E. maxima 
and C. perfringens (Collier et al., 2008). Interluekin-10, also known as cytokine synthesis 
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inhibitory factor, is secreted primarily by monocytes and TH2 cells and functions to minimize 
tissue damage by suppressing the pro-inflammatory cytokines IFN-γ and IL-1β.  However, 
overexpression of IL-10 in an attempt to abate IFN-γ-mediated NO production by macrophages 
may be a mechanism by which Eimeria evade parasite killing (Gazzinelli et al., 1992; Collier et 
al., 2008). Thus, successful immunity to Eimeria is dependent upon a well-balanced TH1/TH2 
cytokine response. 
Several acute-phase proteins have been demonstrated to increase in the plasma of birds 
following Eimeria infection.  Rath et al. (2009) reported increases in ovatransferrin when chicks 
were infected with either E. maxima or E. tenella.  Ceruloplasmin was elevated in chicks infected 
with E. tenella, but not those infected with E. acervulina (Richards and Augustine, 1988).  Using 
a proteomics approach, Gilbert et al. (2011) identified changes in the serum profile of multiple 
acute-phase proteins.  Thus, it appears that Eimeria infection does stimulate acute-phase protein 
synthesis, but the role and importance of these proteins during coccidiosis remains to be 
determined. 
Coccidiosis and Amino Acid Metabolism 
Overview of Amino Acid Nutrition for Broiler Chickens 
In the past, it was common practice to formulate poultry diets to meet a crude protein 
minimum.  However, recognition that poultry have nutritional requirements for individual amino 
acids rather than protein led to a long history of research to optimize amino acid levels in poultry 
diets.  The Illinois Ideal Chick Protein concept was developed by H.H. Mitchell and H. M. Scott 
in the late 1950s and early 1960s and established ideal dietary ratios of essential amino acids to a 
reference amino acid to enable formulation of diets that closely match the amino acid 
requirement of the bird with minimal deficiencies or excesses (Emmert and Baker, 1997).  
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Lysine is used as the reference amino acid because it is typically the second limiting amino acid 
in broiler diets, it is primarily used for protein synthesis and not as a precursor for other amino 
acids or derivatives thereof, and it is easy to assay in feed ingredients.  Once ideal ratios for other 
essential amino acids are established, all amino acid requirements can be estimated if the Lys 
requirement is known.  Thus, the Lys requirement of birds must be accurately estimated, as the 
dietary levels of all essential amino acids will depend on the Lys level.  Furthermore, the 
digestible amino acid content of feed ingredients must be known to ensure that diets meet the 
intended amino acid profile.  Environmental factors that can impact dietary availability and 
metabolic needs of amino acids include heat stress, microbial environment (e.g., fresh litter 
versus used litter), and disease state (Han and Baker, 1993; Kidd et al., 2003a; Corzo et al., 2007; 
Star et al., 2012).   
Adoption of ideal amino acid ratios and digestible amino acids in feed formulation 
facilitates the use of feed-grade supplemental amino acids to meet targeted dietary amino acid 
levels, thereby reducing the amount of intact protein sources (e.g., soybean meal) and overall 
crude protein content of the diet.  Additionally, because the amino acid profile more closely 
matches the needs of the bird with minimal excesses or deficiencies, nitrogen excretion is 
lowered and bird performance is optimized (Rostagno and Pupa, 1995; Dari et al., 2005; Corzo et 
al., 2005).  Overall, using this formulation strategy has substantial environmental and economic 
benefits.  In addition to lowering diet costs and reducing excretion of excess nitrogen into the 
environment, feeding low crude protein (LCP) diets may confer benefits to intestinal health for 
broilers by limiting the amount of unabsorbed amino acids in the intestine that can support 
proliferation of pathogenic bacteria such as Clostridium perfringens (Drew et al., 2004; Wilkie et 
al., 2005) 
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Despite the potential advantages of using supplemental amino acids to reduce dietary 
crude protein, there is a limit to the extent to which dietary crude protein can be reduced in 
broiler diets. In practice this limit is largely determined by commercial availability of the most 
limiting dietary amino acids.  The most limiting amino acid is the one for which the dietary level 
will fall below the estimated requirement of the bird when dietary protein content is reduced.  
Based on the amino acid requirements of broilers and the digestible amino acid profiles of corn 
and soybean meal, the primary feed ingredients in broiler diets in the United States, the ordered 
first 3 limiting amino acids are Met, Lys, and Thr (Edmonds et al., 1985). All three of these 
amino acids are commercially available and routinely included in broiler diets.  Valine, which 
became commercially available in feed-grade form in 2008, is typically the fourth limiting amino 
acid in broiler diets (Dozier et al., 2011), but its widespread use is often constricted by its high 
cost.  With the exception of chemically-synthesized Met, feed-grade amino acids are 
commercially produced by fermentative processes, and more amino acids will be become 
available and economically feasible for dietary inclusion as fermentation technologies improve.  
Thus, identifying potentially limiting amino acids for birds under various dietary and 
environmental conditions will help extend the use of feed-grade amino acids and further reduce 
dependence on intact protein sources to supply essential amino acids. 
Limiting amino acids in a given diet can be determined by both amino acid addition and 
deletion assays (Edmonds et al., 1985).  In the amino acid deletion assay, a low crude protein 
diet comprised of the ingredient mixture of interest (e.g., corn and soybean meal) is 
supplemented with crystalline amino acids to meet ideal amino acid ratios and dietary treatments 
are created by sequential deletion of individual amino acids from the diet (Fernandez et al., 
1994).  Amino acid addition assays involve sequentially adding individual and combinations of 
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amino acids to a diet deficient in the target amino acids (Edmonds et al., 1985; Dozier et al., 
2011).  A ranking in the responses of the birds to the deletion or addition of individual amino 
acids is used to establish the order of limiting amino acids in a given diet. 
It is important to note that the metabolic importance of an individual amino acid is 
distinct from its order of dietary limitation (i.e., dietary supply relative to requirement of the 
bird).  In other words, equal degrees of deficiency in essential amino acids have been 
demonstrated to produce disproportionate and variable responses in animals, both in magnitude 
and timing (Ousterhout, 1960; Okumura and Mori, 1979; Kino and Okumura, 1986; Muramatsu 
et al., 1991).  Ousterhout (1960) was the first compare the varying effects of deficiencies of 
essential amino acids and reported that changes in weight gain were greatest and mortality 
highest in chicks fed diets deplete of Ile, Val, and Met + Cys (total sulfur amino acids; TSAA).  
These authors reported that removal of Lys and His from the diet had the least impact.  In 
evaluating the effects of 50% reductions in single amino acids, Okumura and Mori (1979) 
reported that growth depressions were most severe in birds fed diets deficient in Ile, Thr, Arg, or 
Val, whereas diets deficient in Lys, Leu, or Phe + Tyr exhibited weight gain similar to birds fed 
positive control diets.  Because previous reports of Ousterhout (1960)  and Okumura and Mori 
(1979) indicated that variation in the growth of chicks fed diets deficient in essential amino acids 
was strongly associated with feed intake, Kino and Okumura (1986) used both ad libitum and 
forced-feeding approaches to show that variable responses to amino acid deficiencies were 
relatively similar under both feeding regimens, although the magnitude in the responses 
diminished when feed intake was equalized.  These authors reported that weight gain of both ad 
libitum and force-fed birds was most affected by TSAA, Arg, Val, Ile, and Thr deficiency, 
whereas effects of Lys or His deficiency were minimal.   
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The cause of varying effects of individual amino acid deficiencies may be related to the 
rate at which amino acids are incorporated into proteins and metabolized and excreted 
(Muramatsu et al., 1991).  The concept of variable responses of animals to equal amino acid 
limitations has also been extended to immunological outcomes. Konashi et al. (2000) 
demonstrated that a 50% reduction in dietary branched-chain amino acids (BCAA) Val, Ile, and 
Leu reduced thymus, spleen, and bursa of Fabricius weights in chicks, whereas splenocyte 
proliferation to concanavalin A as an indicator of cell-mediated immunity was markedly 
increased when compared with birds fed a control diet or diets with 50% reductions in TSAA, 
Phe + Tyr, Arg + Lys, or a mix of other essential amino acids (Gly + Ser + His + Thr + Trp).  
However, this approach has not been used to assess the impact of individual amino acid 
reductions for broilers subjected to an Eimeria challenge.  
Eimeria Infection and Dietary Amino Acid Availability 
   The previously mentioned adverse effects of coccidiosis on intestinal morphology and 
function can severely impact protein digestion and amino acid absorption.  Turk (1972) initially 
reported that protein digestion and absorption, as indicated by appearance of 
14
C in the blood of 
chicks fed labeled protein from chlorella algae, was decreased in birds inoculated with E. 
necatrix, but not those inoculated with E. acervulina or E. brunetti.  However, more recent 
reports using standard digestibility techniques have shown marked reductions in amino acid 
digestibility with E. acervulina infection.  Persia et al. (2006) reported that apparent total tract 
amino acid digestibility was reduced by an average of 12 percentage units in birds inoculated 
with 5.0 × 10
5
 E. acervulina oocysts.  In evaluating apparent ileal digestibility of 10 amino acids, 
Parker et al. (2007) reported an average reduction of 8.4 percentage units when Eimeria-
vaccinated broilers were subsequently subjected to a mixed Eimeria challenge (2 × 10
5
, 1 × 10
5
, 
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and 1 × 10
5
 sporulated E. acervulina, E. maxima, and E. tenella oocysts, respectively), with the 
greatest losses observed for BCAA, Thr, and Cys.  Amerah and Ravindran (2015) reported that 
apparent ileal digestibility was most impacted for Ala, Cys, Ile, and Thr in broilers challenged 
with a mixed Eimeria infection (1.8 × 10
5
, 6 × 10
3
, and 1.8 × 10
4
 sporulated E. acervulina, E. 
maxima, and E. tenella oocysts, respectively), with an average reduction of 13.4 percentage units 
for all amino acids.   
It is expected that the aforementioned plasma protein leakage, increased mucogenesis, 
and rapid turnover of intestinal cells caused by coccidiosis increases endogenous amino acid 
flow.  Consequently, previously reported apparent digestibility values, which are not corrected 
for endogenous amino acids present in excreta or ileal digesta, may underestimate actual 
digestibility values for Eimeria-infected birds.  To address this, Adedokun et al. (2012) used the 
regression method to evaluate the influence of fiber level and an Eimeria vaccine challenge on 
endogenous amino acid losses in birds fed semi-purified diets.  Unexpectedly, these authors 
reported that Eimeria challenge generally decreased endogenous amino acid flow for birds fed 
high fiber diets, whereas there was minimal impact of Eimeria challenge on endogenous losses 
for birds fed low fiber diets.  However, due to the requirement of pancreatic trypsin by Eimeria 
for the excystation process of sporozoites from sporocysts in the intestine (Britton et al., 1964), 
coccidiosis likely causes greater endogenous amino acid losses when birds are fed diets adequate 
in protein than when birds are fed low-protein, highly-digestible diets such as those used by 
Adedokun et al. (2012).  Thus, accurate estimation of the influence of coccidiosis on endogenous 
amino acid flow may require more complex methods such as the use of isotope markers. 
Recently, researchers at Virginia Tech University and the USDA Animal Parasitic 
Disease Laboratory have investigated molecular mechanisms underlying reduced amino acid 
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uptake during coccidiosis.  These authors have demonstrated that gene expression of EAAT3, 
CAT2, BᵒAT, and heterodimeric bᵒ,+AT/ rBAT amino acid transport systems are down-regulated 
in the duodenum of birds during an E. acervulina infection (Paris and Wong, 2013; Su et al., 
2014, 2015).  These transporters collectively involve the cellular transport of Glu, Gln, Asp, Lys, 
Arg, Cys, Orn, and nonpolar amino acids.  Furthermore, duodenal gene expression of 
aminopeptidase N, a brush border aminopeptidase, was down-regulated by E. acervulina 
infection (Su et al., 2014, 2015). It was hypothesized that these molecular responses to increase 
epithelial cell death comprise a mechanism to limit the amount of cells susceptible to invasion by 
Eimeria, thereby promoting host survival and recovery from infection (Fetterer et al., 2014).  
Eimeria Infection and Post-absorptive Amino Acid Metabolism 
  Systemic changes in amino acid metabolism, beyond losses in nutrient digestibility, 
resulting from Eimeria infection have not been well-characterized. Allen and Fetterer (2000) 
reported that E. acervulina infection decreased plasma Arg from 289 (uninfected) to 146 µM (1 
× 10
6
 oocysts) in a dose-dependent manner for chickens fed a 24% CP diet, but effects of 
Eimeria infection on plasma levels of other essential amino acids have not been reported.  The 
plasma amino acid profile of an animal at a given time-point represents the net effect of amino 
acid appearance from dietary absorption and tissue release and amino acid disappearance due to 
incorporation in proteins, oxidation and metabolism, and excretion (Cynober, 2002).  
Accordingly, plasma amino acid levels can prove useful in identifying limiting amino acids, 
indicated by a low concentration, and excess amino acids, which increase rapidly when supply is 
greater than metabolic demand (Zimmerman and Scott, 1965; Fernández-Fígares et al., 2005).  
Certainly, comprehensive evaluation of changes in plasma amino acid profiles would help 
identify particular amino acids for which metabolism is substantially altered during coccidiosis. 
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Three-methylhistidine (3-MH) is a post-translationally-modified amino acid that is a 
marker of skeletal muscle breakdown (Young and Munro, 1978), and its concentration has been 
reported to increase in the plasma of broilers following Eimeria infection (Fetterer and Allen, 
2000, 2001; Fetterer and Augustine, 2001).  Although amino acids supplied by mobilized 
skeletal muscle may be utilized in a number of processes (e.g., gluconeogenesis) during systemic 
inflammation, it has been suggested that utilization of amino acids as substrates for acute-phase 
protein synthesis may be a priority (Reeds et al., 1994).  Moreover, mismatches between amino 
acid compositions of skeletal muscle and acute-phase proteins may be a driving factor for muscle 
catabolism during disease, as mobilization of large amounts of skeletal muscle would be required 
to supply the limiting amino acids for acute-phase protein synthesis (Reeds et al., 1994).  Indeed, 
the acute-phase proteins were determined to account for the greatest proportion of Lys needs 
during maintenance of the immune system, and this proportion increased substantially upon 
immune system activation by lipopolysaccharide injection  (Iseri and Klasing, 2014).  
Furthermore, the liver, which increases in size during the acute-phase response, accounted for a 
greater proportion of Lys use than all leukocytes and protective proteins combined (Iseri and 
Klasing, 2014).  Thus, in addition to reducing dietary amino acid availability and increasing 
amino acid demands for intestinal maintenance, the systemic immune response to Eimeria 
infection likely poses an additional nutritional cost for amino acids. 
Protein and Amino Acid Nutrition for Eimeria-infected Chickens 
In general, growth performance of Eimeria-infected chickens tends to respond positively 
to increased dietary crude protein.  Sharma et al. (1973) reported that the growth performance of 
birds infected with either E. acervulina or E. tenella was improved when dietary crude protein 
was increased from 16 to 24%, despite an increase in daily oocyst shedding.  Eimeria 
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acervulina-infected chicks fed the 24% crude protein diet had the greatest body weight gain and 
feed efficiency during 8 to 14 d post-inoculation, suggesting that the 24% crude protein diet 
supported a compensatory gain mechanism.  The increased oocyst shedding may have been due 
to higher trypsin secretion in birds fed the high crude protein diet, as trypsin promotes the 
excystation of sporozoites from sporulated Eimeria oocysts within the intestine (Britton et al., 
1964; Willis and Baker, 1981a).  It was determined by Britton et al. (1964) that increasing 
dietary crude protein up to 20% increased trypsin secretion, lesion scores, and mortality of E. 
tenella-infected chicks, while mortality of chicks fed a protein-free diet was reduced by almost 
50% compared with chicks fed the 20% crude protein diet.  However, when exogenous trypsin 
was added to the inoculum of Eimeria-infected chicks fed the protein-free diet, mortality was 
equal to that of chicks fed the 20% crude protein diet.  Mathis et al. (1995) demonstrated that 
coccidiosis could be almost completely prevented by replacing the soybean meal in a corn-
soybean meal diet with raw soybeans that contained active trypsin inhibitors.   
High crude protein diets have also been reported to ameliorate the negative impact of 
Eimeria vaccination on broiler performance.  Lee et al. (2011) evaluated the effects of feeding 
diets ranging from 20 to 24% in crude protein and vaccination with CocciVac-B (Merck Animal 
Health) at hatch on broilers challenged with mixed Eimeria species at 21 d of age.  Pre-challenge 
growth performance and feed efficiency of birds were improved with increasing dietary crude 
protein, regardless of vaccination status.  After the mixed Eimeria challenge, non-vaccinated 
chicks fed the 24% crude protein diet had the greatest feed efficiency during the 0 to 6 d post-
inoculation period.  In the vaccinated group, lesion scores were lower for birds fed the 24% 
crude protein diet than for birds fed the 20% crude protein diet.  Unfortunately, these 
experiments were terminated at the peak phase of the infection (6 d post-inoculation), so the 
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impact of dietary protein concentration on the capacity for compensatory gain during the 
recovery phase was not determined.  Overall, it appears that high crude protein diets may provide 
some benefits in broiler growth performance during coccidiosis, despite having the potential to 
increase Eimeria virulence. 
Positive responses of Eimeria-infected broilers to high dietary protein during coccidiosis 
are likely a result of increased dietary levels of specific amino acids.  However, previous reports 
on the influence of Eimeria infection on dietary amino acid requirements of broilers have been 
inconclusive.  Willis and Baker (1981b) observed increased weight gain and feed efficiency of 
chicks fed TSAA levels above the requirement for uninfected chicks during a moderate E. 
acervulina infection, but not during a severe infection.  Supplemental Gln, which is a primary 
energy source for enterocytes and has numerous functional roles within the intestine (Wang et 
al., 2014a), has been reported to support live performance and immune response of Eimeria-
vaccinated and -challenged broilers (Yi et al., 2005; Mussini et al., 2012).  The addition of 
gelatin as a source of the amino acids Gly, Ser, and Pro to low crude protein diets supported the 
compensatory gain of Eimeria-vaccinated broilers during an 8-wk grow-out period, possibly due 
to the role of these conditionally essential amino acids in maintaining the mucosal barrier 
(Lehman et al., 2009).  Growth performance of broilers during coccidiosis was substantially 
improved when Thr, another structural amino acid of mucin, was supplemented to be 25% higher 
than the estimated dietary requirement (Wils-Plotz et al., 2013).  However, Kidd et al. (2003b) 
found no effects of E. acervulina infection on the dietary Thr requirement of broilers.   
As the precursor to NO, Arg plays an important role in the immune response to Eimeria 
infection.  In mammals, endogenous Arg synthesis involves the conversion of intestinally-
derived citrulline into Arg by urea cycle enzymes in the kidney.  As such, citrulline is converted 
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to argininosuccinate by the enzyme argininosuccinate synthase, and Arg is produced from 
argininosuccinate by the enzyme argininosuccinate lyase.  Arginine can then be degraded by 
arginase into Orn and urea, and the resulting Orn is converted back to citrulline by the enzyme 
carbamoyl phosphate synthetase I.  Chickens lack carbamoyl phosphate synthetase I activity in 
most tissues (Tamir and Ratner, 1963), and consequently, citrulline, but not ornithine, can 
support Arg synthesis in chicks (Klose et al., 1938; Klose and Almquist, 1940).  In contrast with 
mammals, arginase activity of the chicken kidney is approximately 30 times higher than that of 
the liver (Tamir and Ratner, 1963).  Furthermore, chicken enterocytes do not possess the 
enzymes necessary for citrulline production, thereby preventing the contribution of intestinally-
derived citrulline to the Arg synthesis (Wu et al., 1995).  Consequently, the dietary essentiality 
for Arg in chickens represents the metabolic requirement for protein and metabolite synthesis 
plus that required to replace Arg degraded by kidney arginase (Ball et al., 2007).  Indeed, 
selection of chickens for higher kidney arginase activity caused an increase in dietary Arg 
requirement (Austic and Nesheim, 1970). 
  A classical antagonism between Lys and Arg exists whereby excess dietary Lys 
concentrations relative to Arg can decrease plasma Arg by competing for tubular resorption and 
inducing arginase activity in the kidney (Jones et al., 1967; Austic and Nesheim, 1970; Wang et 
al., 1973).  Plasma Arg and Lys levels are markedly altered under these conditions.  In chickens 
fed a casein-based diet, addition of 2% L-lysine decreased plasma Arg from 35 to 16 µg/mL and 
increased plasma Lys from 184 to 470 µg/mL, ultimately decreasing the plasma Arg to Lys ratio 
from 0.19 to 0.03.  Additionally, Arg deficiency, excesses of other essential amino acids 
including His, Tyr, and Ile, as well as excess total nitrogen content can all lead to increased Arg 
degradation by kidney arginase (Austic and Nesheim, 1970; Robbins and Baker, 1981).  Urea 
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excretion and plasma Orn are typically reflective of increased Arg degradation by kidney 
arginase (Stutz et al., 1972; Chu and Nesheim, 1979).  As previously mentioned, avian 
macrophages also degrade Arg via both arginase and iNOS activity (Djeraba et al., 2002).  
However, the influence of Eimeria infection on the relative abundance of arginase versus iNOS 
expression in avian macrophages has not been determined, and the amount of Arg degraded by 
macrophages is unknown. 
Nitric oxide levels have been reported to increase with various inoculation doses of E. 
acervulina (27.2 µM), E. maxima (17.5 µM) or E. tenella (16.5 µM) (Allen, 1997a,b; Allen and 
Fetterer, 2000). Macrophage NO production is readily influenced by extracellular Arg 
availability, with peak in vitro NO production of LPS-stimulated avian macrophages observed at 
400 µM Arg (Sung et al., 1991).  Furthermore, dietary Arg status influences macrophage 
expression of Arg transporters  (D’Amato and Humphrey, 2010), and in vitro macrophage NO 
production can be inhibited by extracellular Lys due to competition between Arg and Lys for 
similar transport systems (Su and Austic, 1998).   Indeed, in vivo plasma NO in chickens has 
been demonstrated to respond to changes in dietary Arg concentration (Kwak et al., 2001; 
Khajali et al., 2011).  Citrulline, which is also a product of iNOS conversion of Arg to NO, can 
be recycled to some extent by its conversion to Arg within avian macrophages (Su and Austic, 
1999). 
  Several researchers have evaluated dietary manipulation of Arg for Eimeria infected 
broilers.  Allen and Fetterer (2000) demontrated dose-dependant decreases in plasma Arg due to 
E. acervulina infection, which corresponded with increases in plasma NO. Daily doses of 
supplemental Arg (500 mg/kg) given via oral-gavage did not alter plasma NO, ameliorate 
reductions in weight gain, or influence lesion scores of chicks fed an Arg-adequate diet and 
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infected with either E. acervulina, E. maxima, or E. tenella (Allen, 1999).  However, Arg dosing 
did reduce oocyst shedding of E. tenella-infected chicks.  Perez-Carbajal et al. (2010) 
demonstrated interactive effects of dietary Arg and vitamin E on plasma NO concentrations and 
oxidative burst capacity of heterophils and monocytes of chicks subjected to a mixed Eimeria 
challenge, suggesting that the effect of supplemental Arg on immune function was largely 
dependent on the vitamin E status of chicks.  Recently, Tan et al. (2014) reported that jejunal 
gene expression of toll-like receptor 4 of broilers subjected to a mixed Eimeria spp. challenge 
decreased linearly as total dietary Arg concentration increased from 1.11 to 2.02%.  Thus, the 
alteration of Arg metabolism of broilers during coccidiosis warrants further investigation. 
Dietary Copper 
Copper in Poultry Diets 
Copper is an essential trace element for poultry.  It functions as a cofactor for a host of 
enzymes and proteins that support mitochondrial oxidation (cytochrome c oxidase), collagen and 
elastin cross-linking (lysyl oxidase), free radical scavenging (superoxide dismutase), and iron 
metabolism (ceruloplasmin and ferroxidase).  The nutritional requirement for copper in the 
broiler chickens is estimated to be 8 mg/kg, and typical diets used in commercial production will 
provide sufficient bioavailable copper to meet this requirement without supplementation (NRC, 
1994; Leeson, 2009).  However, due to the unpredictable bioavailability of copper in feedstuffs, 
copper is usually supplemented in boilers diets to minimize the chance of deficiency.  There are 
a number of commercially-available supplemental copper sources, and each has distinct 
characteristics based on its chemical composition.   
Feed-grade copper sources are typically categorized into two classes: inorganic and 
organic.  Commonly used inorganic sources include copper sulfate and tribasic copper chloride 
(TBCC), whereas organic sources typically consist of copper chelated to amino acids or proteins 
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(Leeson, 2009).  Bioavailability and cost are the distinguishing characteristics of greatest interest 
to poultry nutritionists regarding potential copper sources for poultry diets.  Relative 
bioavailability of these sources is estimated using assays in which experimental treatments 
consist of a copper-deficient diet and diets with graded supplemental levels of copper from two 
or more sources.  Linear regression is used to compare the slope of the response outcome as a 
function of supplemental copper intake.  Tissue mineral concentrations are typically considered 
the most sensitive outcomes in a relative bioavailability assay.  Using this type of assay, Miles et 
al. (1998) found copper from TBCC to be 90-112% bioavailable compared with copper from 
copper sulfate. Bioavailability of organic copper sources in the form of proteinate and amino 
acid chelates ranged from 105 to 122% relative to copper sulfate (Guo et al., 2001).  In practice, 
nutritionists often supplement poultry diets with a mix of organic and inorganic mineral sources 
to establish a balance between the higher bioavailability of organic and lower cost of inorganic 
sources. 
Growth-Promoting Effects of Copper 
In addition to supporting normal physiological and biochemical processes, dietary copper 
above the nutritional requirement can have growth-promoting effects for poultry.  Pesti & 
Bakalli (1996) reported improved body weight gain and feed conversion from 1 to 42 d for 
broilers fed 125 or 250 mg/kg copper from copper sulfate compared with those fed a basal diet 
containing 10 mg/kg copper, but positive effects diminished when copper was added at 375 
mg/kg.  Ewing et al. (1997) also demonstrated improvements in body weight gain and feed 
conversion from 1 to 56 d when birds were fed 125 mg/kg copper from copper sulfate or copper 
oxychloride or 63 mg/kg copper from copper citrate.  However, Miles et al. (1998) reported no 
differences in growth performance when broilers were fed diets supplemented with 200 or 400 
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mg/kg of copper from copper sulfate or TBCC, and 600 mg/kg of copper from either source 
adversely impacted growth performance. Wang et al. (2014b) observed improved body weight 
gain in broilers from 1 to 40 d with the inclusion of 200 mg/kg copper from TBCC, but feed 
conversion, livability, and carcass characteristics were not influenced.  Karimi et al. (2011) 
reported that 125 or 250 mg/kg supplemental copper from TBCC initially had detrimental effects 
on body weight gain and feed intake during the starter period, but overall (1 to 42 d ) feed 
conversion was improved with 125 mg/kg of copper from TBCC.  Therefore, although previous 
responses have proved somewhat inconsistent, it appears that supplementation of dietary copper 
up to 250 mg/kg does in fact generally improve the growth performance of broilers.  
The underlying mechanisms of the growth-promoting effects of supplemental copper 
have not been fully determined, although the natural antibacterial activity of copper is often cited 
as a contributing factor.  Copper confers bactericidal activity largely through its participation in 
oxidative damage of the bacterial cell membrane (Thurman et al., 1989). In the cupric form 
(Cu
2+
), copper can be attracted to negatively-charged bacterial membranes.  Furthermore, Cu
2+
 
can be reduced to Cu
+
, which can catalyze the formation of hydroxyl radicals from hydrogen 
peroxide.  The hydroxyl radical is extremely reactive and capable of inducing oxidative damage 
to most biological molecules including bacterial membranes.  Additionally, copper can bind to 
sulfur amino groups and denature proteins, as well as bind and damage DNA within the bacterial 
cell (Thurman et al., 1989).  Accordingly, copper has been investigated as potential alternative 
for antimicrobial growth promoters in poultry feed (Jenkins et al., 1970; Miles et al., 1998; Arias 
and Koutsos, 2006).   
Broilers raised on recycled litter (i.e., high microbial load) and fed diets supplemented 
with 188 mg/kg Cu from either copper sulfate or TBCC maintained body and carcass weights 
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similar to broilers provided sub-therapeutic levels of antibiotics (Arias and Koutsos, 2006).  
Compared with the non-supplemented negative control group, intestinal lamina propria and 
intraepithelial lymphocytes were reduced in birds fed diets supplemented with TBCC or 
antibiotics, but not copper sulfate, indicating that copper from TBCC or antibiotics may have 
decreased the load of immunogenic bacteria within the gastrointestinal tract.  In an in vitro study, 
Pang et al. (2009) observed quadratic increases in lactobacilli and linear decreases in E. coli 
counts when copper sulfate was added at 125 and 250 mg/kg to bacteria cultured from ileal 
contents of broiler chickens, but adding TBCC at the same inclusion had no effects.  These same 
authors evaluated the in vivo effects of 187.5 mg/kg of copper from copper sulfate or TBCC on 
the microbial communities of ileal contents and ileal mucosa using PCR combined with 
denaturing gradient gel electrophoresis.  Neither source of copper altered the number of 
lactobacilli or E. coli or changed the bacterial diversity of ileal contents.  However, copper from 
TBCC, but not copper sulfate, altered the diversity of bacteria in the ileal mucosa.  Therefore, 
copper can influence the microbial status of broilers chickens, but interactions between copper 
source and experimental conditions seems to have a substantial bearing on observed outcomes.  
This may partly explain the aforementioned variation in the growth responses of broilers to 
copper supplementation. 
Dietary copper status may also impact gastrointestinal function and nutrient utilization 
outside of its direct interaction with bacteria.  Copper supplemented at 250 mg/kg increased 
nitrogen and fat digestibility in nursery pigs (Dove, 1995), and improved fat digestibility 
corresponded with increased lipase and phospholipase A activity in the small intestine (Luo and 
Dove, 1996).  However, trypsin, chymotrypsin, and amylase activities in the small intestine were 
not affected by copper supplementation, nor was the activity of any these enzymes altered in the 
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pancreas (Luo and Dove, 1996).  In broiler chickens, addition of copper-containing 
montmorillonite increased protease, amylase, and lipase activities in the small intestine, but no 
effects were observed when an equivalent addition (36.75 mg/kg) of copper from copper sulfate 
alone was added (Xia et al., 2004).  The same relationship was observed for intestinal 
morphology, whereby copper-montmorillonite increased villi height to crypt depth ratios in the 
duodenum, jejunum, and ileum more than addition of copper or montmorillonite alone.  Arias 
and Koutsos (2006) reported lower jejunal crypt depths in broilers fed diets supplemented with 
188 mg/kg copper from copper sulfate or TBCC, but only TBCC reduced ileal crypt depth 
compared with broiler fed control diets.  Thus, stimulation of digestive enzyme activity or 
alterations in intestinal morphology induced by supplemental copper may benefit nutrient 
utilization in broilers through increased nutrient digestibility. 
Dietary Copper and Coccidiosis 
It has been recognized that Eimeria infection alters mineral metabolism in chickens.  
Regarding copper, Eimeria infection can lead to increased copper accumulation in the liver, 
particularly when high copper levels are fed (Bafundo et al., 1984; Southern and Baker, 1982).  
Southern and Baker (1982) found that infection with E. acervulina moderately increased liver 
copper concentration from 14 to 16 µg/g dry tissue in chicks fed 100 mg/kg supplemental copper 
from copper sulfate, but drastically increased liver copper from 354 to 1,461 µg/g dry tissue in 
chicks fed 500 mg/kg supplemental copper.  These same authors confirmed that E. acervulina 
infection per se was responsible, as adding an anticoccidal drug (monensin) to the diet of 
infected chicks completely prevented liver copper accumulation.  Richards and Augustine (1988) 
reported that E. acervulina infection did not alter liver copper or serum copper or ceruloplasmin 
concentration in birds infected with 1 × 10
5
 or 1 × 10
6  
E. acervulina oocysts, but the dietary 
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copper level used was not provided by these authors.  In the same study, E. acervulina infection 
decreased zinc and iron concentrations in the serum and as well as iron concentration in the liver.  
More drastic effects were observed in birds infected with E. tenella and included increased 
serum copper and ceruloplasmin, increased hepatic zinc and copper, and decreased serum and 
hepatic iron concentration (Richards and Augustine, 1988).  Thus, the overall influence of 
coccidiosis on copper status of chickens appears to be dependent upon dietary copper level, 
Eimeria species, and infection severity. 
It is likely that increased solubility of minerals due to a reduction in intestinal pH, 
combined with increased intestinal cell permeability, contributed to increased copper uptake 
during coccidiosis.  In vitro solubility of both copper sulfate and TBCC was greater at pH 5.5 
than at 6.5 (Pang and Applegate, 2007).  In rat ileum perfused with buffers ranging in pH from 
5.8 to 7.8, copper absorption responded quadratically, with the greatest absorption observed at 
either end of the range (pH 5.8 and 7.8), and lower absorption was observed within the 
intermediate pH range of 6.3 to 7.3 (Wapnir and Stiel, 1987).  Eimeria acervulina infection has 
been demonstrated to reduce pH in the upper, middle, and lower intestinal regions of infected 
chicks, with the peak reductions observed at 6 and 7 d post-inoculation (Ruff et al., 1974a).  
Moreover, infection with E. acervulina reduced duodenal pH from 6.42 to 5.87 in the absence of 
supplemental copper, and from 6.39 to 4.83 in the presence of 500 mg/kg copper from copper 
sulfate, suggesting that the extent to which Eimeria infection reduces pH is dependent on the 
level of dietary copper supplementation (Fox and Southern, 1987). 
 35 
 
References 
Adams, C., H. A. Vahl, and A. Veldman. 1996a. Interaction between nutrition and Eimeria 
acervulina infection in broiler chickens: diet compositions that improve fat digestion during 
Eimeria acervulina infection. Br. J. Nutr. 75:875–880.  
Adams, C., H. A. Vahl, and A. Veldman. 1996b. Interaction between nutrition and Eimeria 
acervulina infection in broiler chickens: development of an experimental infection model. 
Br. J. Nutr. 75:867–873.  
Adedokun, S. A., K. M. Ajuwon, L. F. Romero, and O. Adeola. 2012. Ileal endogenous amino 
acid losses: response of broiler chickens to fiber and mild coccidial vaccine challenge. 
Poult. Sci. 91:899–907.  
Allen, P. C. 1984. Physiological responses of chicken gut tissue to infection with Eimeria 
acervulina. Avian Dis. 28:868–876.  
Allen, P. C. 1987. Physiological responses of chicken gut tissue to coccidial infection: 
comparative effects of Eimeria acervulina and Eimeria mitis on mucosal mass, carotenoid 
content, and brush border enzyme activity. Poult. Sci. 66:1306–1315.  
Allen, P. C. 1992. Effect of coccidiosis on the distribution of dietary lutein in the chick. Poult. 
Sci. 71:1457–1463. 
Allen, P. C. 1997a. Production of free radical species during Eimeria maxima infections in 
chickens. Poult. Sci. 76:814–821. 
Allen, P. C. 1997b. Nitric oxide production during Eimeria tenella infections in chickens. Poult. 
Sci. 76:810–813. 
Allen, P. C. 1999. Effects of daily oral doses of L-arginine on coccidiosis infections in chickens. 
Poult. Sci. 78:1506–1509. 
Allen, P. C., and R. H. Fetterer. 2000. Effect of Eimeria acervulina infections on plasma L-
arginine. Poult. Sci. 79:1414–1417.  
Amerah, A. M., and V. Ravindran. 2015. Effect of coccidia challenge and natural betaine 
supplementation on performance, nutrient utilization, and intestinal lesion scores of broiler 
chickens fed suboptimal level of dietary methionine. Poult. Sci. 94:673–680. 
Arias, V. J., and E. A. Koutsos. 2006. Effects of copper source and level on intestinal physiology 
and growth of broiler chickens. Poult. Sci. 85:999–1007. 
Austic, R. E., and M. C. Nesheim. 1970. Role of kidney arginase in variations of the arginine 
requirement of chicks. J. Nutr. 100:855–868. 
 36 
 
Bafundo, K. W., D. H. Baker, and P. R. Fitzgerald. 1984. Lead toxicity in the chick as affected 
by excess copper and zinc and by Eimeria acervulina infection. Poult. Sci. 63:1594–603.  
Ball, R. O., K. L. Urschel, and P. B. Pencharz. 2007. Nutritional consequences of interspecies 
differences in arginine and lysine metabolism. J. Nutr. 137:1626S–1641S. 
Befus, A. D., N. Johnston, G. A. Leslie, and J. Bienenstock. 1980. Gut-associated lymphoid 
tissue in the chicken. J. Immunol. 125:2626–2632. 
Bessay, M., Y. Le Vern, D. Kerbœuf, P. Yvoré, and P. Quéré. 1996. Changes in intestinal intra-
epithelial and systemic T-cell subpopulations after an Eimeria infection in chickens: 
comparative study between E acervulina and E tenella. Vet. Res. 27:503–514. 
Bogdan, C. 2001. Nitric oxide and the immune response. Nature Immunol. 2:907–916. 
Britton, W. M., C. H. Hill, and C. W. Barber. 1964. A mechanism of interaction between dietary 
protein levels and coccidiosis in chicks. J. Nutr. 82:306–310. 
Chapman, H. D. 1999. Anticoccidial drugs and their effects upon the development of immunity 
to Eimeria infections in poultry. Avian Pathol. 28:521–535. 
Chapman, H. D., J. R. Barta, D. Blake, A. Gruber, M. Jenkins, N. C. Smith, X. Suo, and F. M. 
Tomley. 2013. A selective review of advances in coccidiosis research. Adv. Parasitol. 
83:93–171. 
Chapman, H. D., T. E. Cherry, H. D. Danforth, G. Richards, M. W. Shirley, and R. B. Williams. 
2002. Sustainable coccidiosis control in poultry production: the role of live vaccines. Int. J. 
Parasitol. 32:617–629. 
Chapman, H. D., T. K. Jeffers, and R. B. Williams. 2010. Forty years of monensin for the control 
of coccidiosis in poultry. Poult. Sci. 89:1788–1801. 
Choi, K. D., H. S. Lillehoj, and D. S. Zalenga. 1999. Changes in local IFN-γ and TGF-β4 mRNA 
expression and intraepithelial lymphocytes following Eimeria acervulina infection. Vet. 
Immunol. Immunopathol. 71:263–275. 
Chu, S. W., and M. Nesheim. 1979. The relationship of plasma arginine and kidney arginase 
activity to arginine degradation in chickens. J. Nutr. 109:1752–1758. 
Collier, C. T., C. L. Hofacre, A. M. Payne, D. B. Anderson, P. Kaiser, R. I. Mackie, and H. R. 
Gaskins. 2008. Coccidia-induced mucogenesis promotes the onset of necrotic enteritis by 
supporting Clostridium perfringens growth. Vet. Immunol. Immunopathol. 122:104–115. 
Cornelissen, J. B.W.J., W. J. C. Swinkels, W. A. Boersma, and J. M. J. Rebel. 2009. Host 
response to simultaneous infections with Eimeria acervulina, maxima and tenella: a 
cumulation of single responses. Vet. Parasitol. 162:58–66. 
 37 
 
Corzo, A., C. A. Fritts, M. T. Kidd, and B. J. Kerr. 2005. Response of broiler chicks to essential 
and non-essential amino acid supplementation of low crude protein diets. Anim. Feed Sci. 
Technol. 118:319–327.  
Corzo, A., M. T. Kidd, W. A. Dozier, G. T. Pharr, and E. A. Koutsos. 2007. Dietary threonine 
needs for growth and immunity of broilers raised under different litter conditions. J. Appl. 
Poult. Res. 16:574–582. 
Cynober, L. A. 2002. Plasma amino acid levels with a note on membrane transport: 
characteristics, regulation, and metabolic significance. Nutrition 18:761–766. 
D’Amato, J. L., and B. D. Humphrey. 2010. Dietary arginine levels alter markers of arginine 
utilization in peripheral blood mononuclear cells and thymocytes in young broiler chicks. 
Poult. Sci. 89:938–947. 
Dari, R. L., A. M. Penz Jr., A. M. Kessler, and H. C. Jost. 2005. Use of digestible amino acids 
and the concept of ideal protein in feed formulation for broilers. J. Appl. Poult. Res. 
14:195–203. 
Djeraba, A., E. Musset, N. van Rooijen, and P. Quéré. 2002. Resistance and susceptibility to 
Marek’s disease: nitric oxide synthase/arginase activity balance. Vet. Microbiol. 86:229–
244. 
Dove, C. R. 1995. The effect of copper level on nutrient utilization of weanling pigs. J. Anim. 
Sci. 73:166–171.  
Dozier III, W. A., A. Corzo, M. T. Kidd, P. B. Tillman, and S. L. Branton. 2011. Determination 
of the fourth and fifth limiting amino acids in broilers fed on diets containing maize, 
soybean meal and poultry by-product meal from 28 to 42 d of age. Br. Poult. Sci. 52:238–
244.  
Drew, M. D., N. A. Syed, B. G. Goldade, B. Laarveld, and A. G. Van Kessel. 2004. Effects of 
dietary protein source and level on intestinal populations of Clostridium perfringens in 
broiler chickens. Poult. Sci. 83:414–420. 
Edmonds, M. S., C. M. Parsons, and D. H. Baker. 1985. Limiting amino acids in low-protein 
corn-soybean meal diets fed to growing chicks. 64:1519–1526. 
Emmert, J. L., and D. H. Baker. 1997. Use of the ideal protein concept for precision formulation 
of amino acid levels in broilers diets. J. Appl. Poult. Sci. 6:462–470. 
Ewing, H. P., G. M. Pesti, R. I. Bakalli, and J. F. M. Menten. 1997. Studies on the feeding of 
cupric sulfate pentahydrate, cupric citrate, and copper oxychloride to broiler chickens. 
Poult. Sci. 77:445–448. 
 38 
 
Fernandez, S. R., S. Aoyagi, Y. Han, C. M. Parsons, and D. H. Baker. 1994. Limiting order of 
amino acids in corn and soybean meal for growth of the chick. Poult. Sci. 73:1887–1896. 
Fernández-Fígares, I., R. Nieto, C. Prieto, and J. F. Aguilera. 2005. Plasma free amino acid 
profiles in growing chickens fed soyabean meal supplemented with DL-methionine. J. 
Anim. Feed Sci. 14:277–290. 
Fernando, M. A., and B. M. McCraw. 1973. Mucosal morphology and cellular renewal in the 
intestine of chickens following a single infection of Eimeria acervulina. J. Parasitol. 
59:493–501. 
Fetterer, R. H., and P. C. Allen. 2000. Eimeria acervulina infection elevates plasma and muscle 
3-methylhistidine levels in chickens. J. Parasitol. 86:783–791.  
Fetterer, R. H., and P. C. Allen. 2001. Eimeria tenella infection in chickens: effect on plasma and 
muscle 3-methylhistidine. Poult. Sci. 80:1549–1553.  
Fetterer, R. H., and P. C. Augustine. 2001. Elevation of muscle and plasma 3-methylhistidine as 
a result of turkey coccidiosis. Avian Dis. 45:733–740. 
Fetterer, R. H., K. B. Miska, M. C. Jenkins, and E. A. Wong. 2014. Expression of nutrient 
transporters in duodenum, jejunum, and ileum of Eimeria maxima-infected broiler chickens. 
Parasitol. Res. 113:3891–3894.  
Fox, M. C., and L. L. Southern. 1987. Effect of ammonium chloride ingestion on Eimeria 
acervulina-infected chicks fed excess copper. Poult. Sci. 66:1019–1022. 
Gazzinelli, R. T., I. P. Oswald, S. L. James, and A. Sher. 1992. IL-10 inhibits parasite killing and 
nitrogen oxide production by IFN-gamma-activated macrophages. J. Immunol. 148:1792–
1796.  
Gilbert, E. R., C. M. Cox, P. M. Williams, A. P. McElroy, R. A. Dalloul, W. K. Ray, A. Barri, D. 
A. Emmerson, E. A. Wong, and K. E. Webb. 2011. Eimeria species and genetic background 
influence the serum protein profile of broilers with coccidiosis. PLoS One 6(1): e14636. 
Guo, R., P. R. Henry, R. A. Holwerda, J. Cao, R. C. Littell, R. D. Miles, and C. B. Ammerman. 
2001. Chemical characteristics and relative bioavailability of supplemental organic copper 
sources for poultry. J. Anim. Sci. 79:1132–1141. 
Han, Y., and D. H. Baker. 1993. Effects of sex, heat stress, body weight, and genetic strain on 
the dietary lysine requirements of broiler chicks. Poult. Sci. 72:701–708. 
He, H., K. J. Genovese, and M. H. Kogut. 2011. Modulation of chicken macrophage effector 
function by TH1/TH2 cytokines. Cytokine 53:363–369. 
 39 
 
Iseri, V. J., and K. C. Klasing. 2014. Changes in the amount of lysine in protective proteins and 
immune cells after a systemic response to dead Escherichia coli: implications for the 
nutritional costs of immunity. Integr. Comp. Biol. 54:922–930. 
Jenkins, N. K., T. R. Morris, and D. Valamotis. 1970. The effect of diet and copper 
supplementation on chick growth. Br. Poult. Sci. 11:241–248. 
Johnson, W.T. 1930. Coccidiosis. Pages 119-120 in Director's Biennial Report - 1928-1930 of 
the Oregon State University Agricultural Experiment Station. Jardine, J.T., ed. Corvallis, 
Oregon. 
Johnston, W. T., M. W. Shirley, A. L. Smith, and M. B. Gravenor. 2001. Modelling host cell 
availability and the crowding effect in Eimeria infections. Int. J. Parasitol. 31:1070–1081.  
Jones, J. D., S. J. Petersburg, and A. C. Burnett. 1967. The mechanism of the lysine-arginine 
antagonism in the chick: effect of lysine on digestion, kidney arginase, and liver 
transamidinase. J. Nutr. 93:103–116. 
Joyner, L. P., D. S. Patterson, S. Berrett, C. D. Boarer, F. H. Cheong, and C. C. Norton. 1975. 
Amino-acid malabsorption and intestinal leakage of plasma-proteins in young chicks 
infected with Eimeria acervulina. Avian Pathol. 4:17–33. 
Karimi, A., G. Sadeghi, and A. Vaziry. 2011. The effect of copper in excess of the requirement 
during the starter period on subsequent performance of broiler chicks. J. Appl. Poult. Res. 
20:203–209. 
Khajali, F., M. Tahmasebi, H. Hassanpour, M. R. Akbari, D. Qujeq, and R. F. Wideman. 2011. 
Effects of supplementation of canola meal-based diets with arginine on performance, 
plasma nitric oxide, and carcass characteristics of broiler chickens grown at high altitude. 
Poult. Sci. 90:2287–2294. 
Kidd, M. T., S. J. Barber, W. S. Virden, W. A. Dozier III, D. W. Chamblee, and C. Wiernusz. 
2003a. Threonine responses of Cobb finishing broilers in differing environmental 
conditions. J. Appl. Poult. Res. 12:115–123. 
Kidd, M. T., L. M. Pote, and R. W. Keirs. 2003b. Lack of interaction between dietary threonine 
and Eimeria acervulina in chicks. J. Appl. Poult. Res. 12:124–129. 
Kino, K., and J.-I. Okumura. 1986. The effect of single essential amino acid deprivation on chick 
growth and nitrogen and energy balances at ad libitum- and equalized- food intakes. Poult. 
Sci. 65:1728–1735.  
Kipper, M., I. Andretta, C. R. Lehnen, P. A. Lovatto, and S. G. Monteiro. 2013. Meta-analysis of 
the performance variation in broilers experimentally challenged by Eimeria spp. Vet. 
Parasitol. 196:77–84. 
 40 
 
Klasing, K. C. 1988. Nutritional aspects of leukocytic cytokines. J. Nutr. 118:1436–1446.  
Klose, A. A., E. L. R. Stokstad, and H. J. Almquist. 1938. The essential nature of arginine in the 
diet of the chick. J. Biol. Chem. 123:691–698. 
Klose, A. A., and H. J. Almquist. 1940. The ability of citrulline to replace arginine in the diet of 
the chick. J. Biol. Chem.:153–155. 
Konashi, S., K. Takahashi, and Y. Akiba. 2000. Effects of dietary essential amino acid 
deficiencies on immunological variables in broiler chickens. Br. J. Nutr. 83:449–456.  
Koutsos, E. A., C. Christopher Calvert, and K. C. Klasing. 2003. The effect of an acute phase 
response on tissue carotenoid levels of growing chickens (Gallus gallus domesticus). Comp. 
Biochem. Physiol. Part A Mol. Integr. Physiol. 135:635–646. 
Koutsos, E. A., J. C. García López, and K. C. Klasing. 2006. Carotenoids from in ovo or dietary 
sources blunt systemic indices of the inflammatory response in growing chicks (Gallus 
gallus domesticus) J. Nutr. 136:1027–1031. 
Kwak, H., R. E. Austic, and R. R. Dietert. 2001. Arginine-genotype interactions and immune 
status. Nutr. Res. 21:1035–1044. 
Lee, J. T., N. H. Eckert, K. A. Ameiss, S. M. Stevens, P. N. Anderson, S. M. Anderson, A. Barri, 
A. P. McElroy, H. D. Danforth, and D. J. Caldwell. 2011. The effect of dietary protein level 
on performance characteristics of coccidiosis vaccinated and nonvaccinated broilers 
following mixed-species Eimeria challenge. Poult. Sci. 90:1916–1925. 
Leeson, S. 2009. Copper metabolism and dietary needs. World’s. Poult. Sci. J. 65:353–366. 
Lehman, R., E. T. Moran, and J. B. Hess. 2009. Response of coccidiostat- versus vaccination-
protected broilers to gelatin inclusion in high and low crude protein diets. Poult. Sci. 
88:984–993. 
Levine, P.P. 1942. A new coccidium pathogenic for chickens, Eimeria brunetti n. sp. (Protozoa: 
Eimeriidae). Cornell Vet. 32: 430 ̶ 439. 
Lillehoj, H. S., and K. D. Choi. 1998. Recombinant chicken interferon-gamma-mediated 
inhibition of Eimeria tenella development in vitro and reduction of oocyst production and 
body weight loss following Eimeria acervulina challenge infection. Avian Dis. 42:307–314. 
Long, P. L., and A. E. Pierce. 1963. Role of cellular factors in the mediation of immunity to 
avian coccidiosis. Nature 426-427. 
Luo, X. G., and C. R. Dove. 1996. Effect of dietary copper and fat on nutrient utilization, 
digestive enzyme activities, and tissue mineral levels in weanling pigs. J. Anim. Sci. 
74:1888–1896. 
 41 
 
Major, J. R., and M. D. Ruff. 1978. Eimeria Spp.: Influence of coccidia on digestion (amylolytic 
activity) in broiler chickens. Exp. Parasitol. 45:234–240. 
Mathis, G. F., N. M. Dale, and A. Fuller. 1995. Effect of dietary raw soybeans on coccidiosis in 
chickens. Poult. Sci. 74:800–804. 
McDougald, L. R., L. Fuller, and J. Solis. 1986. Drug-sensitivity of 99 isolates of coccidia from 
broiler farms. Avian Dis. 30:690–694. 
Miles, R. D., S. F. O’Keefe, P. R. Henry, C. B. Ammerman, and X. G. Luo. 1998. The effect of 
dietary supplementation with copper sulfate or tribasic copper chloride on broiler 
performance, relative copper bioavailability, and dietary prooxidant activity. Poult. Sci. 
77:416–425.  
Moinard, C., L. Cynober, and J. Debandt. 2005. Polyamines: metabolism and implications in 
human diseases. Clin. Nutr. 24:184–197. 
Muramatsu, T., H. Ohshima, M. Goto, S. Mori, and J. Okumura. 1991. Growth prediction of 
young chicks: do equal deficiencies of different essential amino acids produce equal growth 
responses? Br. Poult. Sci. 32:139–149. 
Murray, P. J., and T. A. Wynn. 2011. Protective and pathogenic functions of macrophage 
subsets. Nat. Rev. Immunol. 11:723–737. 
Mussini, F. J., S. D. Goodgame, C. Lu, C. D. Bradley, S. M. Fiscus, and P. W. Waldroup. 2012. 
A nutritional approach to the use of anticoccidial vaccines in broilers: glutamine utilization 
in critical stages of immunity acquisition. Int. J. Poult. Sci. 11:243–246. 
National Research Council. 1994. Nutrient Requirements of Poultry. 9
th
 rev. ed. Natl. Acad. 
Press, Washington, DC. 
O’Reilly, E. L., and P. D. Eckersall. 2014. Acute phase proteins: a review of their function, 
behaviour and measurement in chickens. Worlds. Poult. Sci. J. 70:27–44. 
Okumura, J. I., and S. Mori. 1979. Effect of deficiencies of single essential amino acids on 
nitrogen and energy utilisation in chicks. Br. Poult. Sci. 20:421–429. 
Ousterhout, L. 1960. Survival time and biochemical changes in chicks fed diets lacking different 
essential amino acids. J. Nutr. 70:226–234. 
Pang, Y., and T. J. Applegate. 2007. Effects of dietary copper supplementation and copper 
source on digesta pH, calcium, zinc, and copper complex size in the gastrointestinal tract of 
the broiler chicken. Poult. Sci. 86:531–537. 
Pang, Y., J. A. Patterson, and T. J. Applegate. 2009. The influence of copper concentration and 
source on ileal microbiota. Poult. Sci. 88:586–592. 
 42 
 
Paris, N. E., and E. A. Wong. 2013. Expression of digestive enzymes and nutrient transporters in 
the intestine of Eimeria maxima-infected chickens. Poult. Sci. 92:1331–1335. 
Parker, J., E. O. Oviedo-Rondon, B. A. Clack, S. Clemente-Hernandez, J. Osborne, J. C. Remus, 
H. Kettunen, H. Makivuokko, and E. M. Pierson. 2007. Enzymes as feed additive to aid in 
responses against Eimeria species in coccidia-vaccinated broilers fed corn-soybean meal 
diets. Poult. Sci. 86:643–653. 
Perez-Carbajal, C., D. Caldwell, M. Farnell, K. Stringfellow, S. Pohl, G. Casco, A. Pro-Martinez, 
and C. a Ruiz-Feria. 2010. Immune response of broiler chickens fed different levels of 
arginine and vitamin E to a coccidiosis vaccine and Eimeria challenge. Poult. Sci. 89:1870–
1877. 
Persia, M. E., E. L. Young, P. L. Utterback, and C. M. Parsons. 2006. Effects of dietary 
ingredients and Eimeria acervulina infection on chick performance, apparent metabolizable 
energy, and amino acid digestibility. Poult. Sci.:48–55. 
Pesti, G. M., and R. I. Bakalli. 1996. Studies on the feeding of cupric sulfate pentahydrate and 
cupric citrate to broiler chickens. Poult. Sci. 75:1086–1091. 
Preston-Mafham, R. A., and A. H. Sykes. 1970. Changes in body weight and intestinal 
absorption during infections with Eimeria acervulina in the chicken. Parasitology 61:417–
24. 
Railliel, A., and A. Lucet. 1891. Développement éxperimental des coccidies de l'épithélium 
intestinal du lapin et de la poule.  Comptes Rendus de la Academie des Sciences (Paris) 
43:820 ̶ 823. 
Rajput, N., M. Naeem, S. Ali, J. F. Zhang, L. Zhang, and T. Wang. 2013. The effect of dietary 
supplementation with the natural carotenoids curcumin and lutein on broiler pigmentation 
and immunity. Poult. Sci. 92:1177 ̶ 1185. 
Ratcliffe, M. J., O. Lassila, J. R. L. Pink, and O. Vainio. 1986. Avian B cell precursors: surface 
immunoglobulin expression is an early, possibly bursa-independent event. Eu. J. Immunol. 
16:129–133. 
Rath, N. C., N. B. Anthony, L. Kannan, W. E. Huff, G. R. Huff, H. D. Chapman, G. F. Erf, and 
P. Wakenell. 2009. Serum ovotransferrin as a biomarker of inflammatory diseases in 
chickens. Poult. Sci. 88:2069–2074. 
Reeds, P. J., C. R. Fjeld, and F. Jahoor. 1994. Do the differences between the amino acid 
compositions of acute-phase and muscle proteins have a bearing on nitrogen loss in 
traumatic states? J. Nutr. 124:906–910.  
Reid, W. M., E. M. Taylor, and J. Johnson. 1969. A technique for demonstration of 
coccidiostatic activity of anticoccidial agents. Trans. Am. Microsc. Soc. 88:148–159. 
 43 
 
Richards, M. P., and P. C. Augustine. 1988. Serum and liver zinc, copper, and iron in chicks 
infected with Eimeria acervulina or Eimeria tenella. Biol. Trace Elem. Res. 17:207–219. 
Robbins, K. R., and D. H. Baker. 1981. Kidney arginase activity in chicks fed diets containing 
deficient or excessive concentrations of lysine, arginine, histidine, or total nitrogen. Poult. 
Sci. 60:829–834. 
Rose, M. E., and P. L. Long. 1962. Immunity to four species of Eimeria in fowls. Immunology 
5:79–92. 
Rostagno, H., and J. Pupa. 1995. Diet formulation for broilers based on total versus digestible 
amino acids. J. Appl. Poult. Sci. 4:293–299. 
Ruff, M. D., J. K. Johnson, D. D. Dykstra, and W. M. Reid. 1974a. Effects of Eimeria acervulina 
on intestinal pH in conventional and gnotobiotic chickens. Avian Dis. 18:96–104. 
Ruff, M. D., W. M. Reid, and J. K. Johnson. 1974b. Lowered blood carotenoid levels in chickens 
infected with coccidia. Poult. Sci. 53:1801–1809. 
Schwarz, R. S., M. C. Jenkins, S. Klopp, and K. B. Miska. 2009. Genomic analysis of Eimeria 
spp. populations in relation to performance levels of broiler chicken farms in Arkansas and 
North Carolina. J. Parasitol. 95:871–880. 
Sharma, V. D., M. A. Fernando, and J. D. Summers. 1973. The effect of dietary crude protein 
level on intestinal and cecal coccidiosis in chicken. Can. J. Comp. Med. 37:195–199. 
Southern, L. L., and D. H. Baker. 1982. Eimeria acervulina infection in chicks fed excess copper 
in the presence or absence of excess dietary methionine. J. Nutr. 54:989–997. 
Star, L., M. Rovers, E. Corrent, and J. D. van der Klis. 2012. Threonine requirement of broiler 
chickens during subclinical intestinal Clostridium infection. Poult. Sci. 91:643–652. 
Stiff, M. I., and K. W. Bafundo. 1993. Development of immunity in broilers continuously 
exposed to Eimeria sp. Avian Dis. 37:295–301. 
Stutz, M. W., J. E. Savage, and B. L. O’Dell. 1972. Cation-anion balance in relation to arginine 
metabolism in the chick. J. Nutr. 102:449–458. 
Su, C. L., and R. E. Austic. 1998. The utilization of dipeptides containing L-arginine by chicken 
macrophages. Poult. Sci. 77:1852–1857.  
Su, C., and R. E. Austic. 1999. The recycling of L-citrulline to L-arginine in a chicken 
macrophage cell line. Poult. Sci. 78:353–355. 
 44 
 
Su, S., K. B. Miska, R. H. Fetterer, M. C. Jenkins, and E. A. Wong. 2014. Expression of 
digestive enzymes and nutrient transporters in Eimeria acervulina-challenged layers and 
broilers. Poult. Sci. 93:1217–1226. 
Su, S., K. B. Miska, R. H. Fetterer, M. C. Jenkins, and E. A. Wong. 2015. Expression of 
digestive enzymes and nutrient transporters in Eimeria-challenged broilers. Exp. Parasitol. 
150:13–21. 
Sung, Y. J., J. H. Hotchkiss, R. E. Austic, and R. R. Dietert. 1991. L-arginine-dependent 
production of a reactive nitrogen intermediate by macrophages of a uricotelic species. J. 
Leukoc. Biol. 50:49–56. 
Swinkels, W. J. C., J. Post, J. B. Cornelissen, B. Engel, W. J. a Boersma, and J. M. J. Rebel. 
2007. Immune responses to an Eimeria acervulina infection in different broilers lines. Vet. 
Immunol. Immunopathol. 117:26–34. 
Tamir, H., and S. Ratner. 1963. Enzymes of arginine metabolism in chicks. Arch. Biochem. 
Biophys. 102:249–258. 
Tan, J., T. J. Applegate, S. Liu, Y. Guo, and S. D. Eicher. 2014. Supplemental dietary L-arginine 
attenuates intestinal mucosal disruption during a coccidial vaccine challenge in broiler 
chickens. Br. J. Nutr. 112:1098–1109. 
Tellez, G., S. Shivaramaiah, J. Barta, X. Hernandez-Velasco, and B. Hargis. 2014. Coccidiosis: 
recent advancements in the immunobiology of Eimeria species, preventive measures, and 
the importance of vaccination as a control tool against these Apicomplexan parasites. Vet. 
Med. Res. Reports:23. 
Thurman, R. B., C. P. Gerba, and G. Bitton. 1989. The molecular mechanisms of copper and 
silver ion disinfection of bacteria and viruses. Crit. Rev. Environ. Control 18:295–315. 
Trout, J. M., and H. S. Lillehoj. 1996. T lymphocyte roles during Eimeria acervulina and 
Eimeria tenella infections. Vet. Immunol. Immunopathol. 53:163–172. 
Turk, D. E. 1972. Protozoan parasitic infections of the chick intestine and protein digestion and 
absorption. J. Nutr. 102:1217–1221. 
Tyczkowski, J. K., P. B. Hamiltion, and M. D. Ruff. 1991. Altered metabolism of carotenoids 
during pale-bird syndrome in chickens infected with Eimeria acervulina. Poult. Sci. 
70:2074–2081. 
Tyzzer, E. E. 1929. Coccidiosis in gallinaceous birds. Am. J. Hyg. 10:18–383. 
 
 45 
 
Velkers, F. C., W. J. C. Swinkels, J. M. J. Rebel, A. Bouma, A. J. J. M. Daemen, D. 
Klinkenberg, W. J. A. Boersma, J. A. Stegeman, M. C. M. de Jong, and J. A. P. 
Heesterbeek. 2010. Effect of Eimeria acervulina infection history on the immune response 
and transmission in broilers. Vet. Parasitol. 173:184–192. 
Vervelde, L., A. N. Vermeulen, and S. H. M. Jeurissen. 1996. In situ characterization of 
leucocyte subpopulations after infection with Eimeria tenella in chickens. Parasite 
Immunol. 18:247–256.  
Wang, S., L. O. Crosby, and M. C. Nesheim. 1973. Effect of dietary excesses of lysine and 
arginine on the degradation of lysine by chicks. J. Nutr. 103:384–391. 
Wang, B., G. Wu, Z. Zhou, Z. Dai, Y. Sun, Y. Ji, W. Li, W. Wang, C. Liu, F. Han, and Z. Wu. 
2014a. Glutamine and intestinal barrier function. Amino Acids 2014:1–12. 
Wang, H., C. Zhang, Y. Mi, and M. T. Kidd. 2014b. Copper and lysine amino acid density 
responses in commercial broilers. J. Appl. Poult. Res. 23:470–477. 
Wapnir, R. A., and L. Stiel. 1987. Intestinal absorption of copper: effect of sodium. Proc. Soc. 
Exp. Biol. Med. 185:277–282. 
Wilkie, D. C., A. G. Van Kessel, L. J. White, B. Laarveld, and M. D. Drew. 2005. Dietary amino 
acids affect intestinal Clostridium perfringens populations in broiler chickens. Can. J. 
Anim. Sci. 85:185–193. 
Williams, R. B. 1995. Epidemiological studies of coccidiosis in the domesticated fowl (Gallus 
gallus): II. Physical condition and survival of Eimeria acervulina oocysts in poultry-house 
litter. Appl. Parasitol. 36:90–96. 
Williams, R. B. 1999. A compartmentalised model for the estimation of the cost of coccidiosis to 
the world’s chicken production industry. Int. J. Parasitol. 29:1209–1229. 
Williams, R. 2001. Quantification of the crowding effect during infections with the seven 
Eimeria species of the domesticated fowl: its importance for experimental designs and the 
production of oocyst stocks. Int. J. Parasitol. 31:1056–1069. 
Williams, R. B. 2005. Intercurrent coccidiosis and necrotic enteritis of chickens: rational, 
integrated disease management by maintenance of gut integrity. Avian Pathol. 34:159–180. 
Willis, G. M., and D. H. Baker. 1981a. Eimeria acervulina infection in the chicken: a model 
system for estimating nutrient requirements during coccidiosis. Poult. Sci. 60:1884–1891.  
Willis, G. M., and D. H. Baker. 1981b. Eimeria acervulina infection in the chicken: sulfur amino 
acid requirement of the chick during acute coccidiosis. Poult. Sci. 60:1892–1897. 
 46 
 
Wils-Plotz, E. L., M. C. Jenkins, and R. N. Dilger. 2013. Modulation of the intestinal 
environment, innate immune response, and barrier function by dietary threonine and 
purified fiber during a coccidiosis challenge in broiler chicks. Poult. Sci. 92:735–745.  
Witlock, D. R., and M. D. Ruff. 1977. Comparison of the intestinal surface damage caused by 
Eimeria mivati, E. necatrix, E. maxima, E. brunetti, and E. acervulina by scanning electron 
microscopy. J. Parasitol. 63:193–199. 
Wu, G., N. E. Flynn, W. Yan, and D. G. Barstow. 1995. Glutamine metabolism in chick 
enterocytes: absence of pyrroline-5-carboxylase synthase and citrulline synthesis. Biochem. 
J. 306:717–721. 
Xia, M. S., C. H. Hu, and Z. R. Xu. 2004. Effects of copper-bearing montmorillonite on growth 
performance, digestive enzyme activities, and intestinal microflora and morphology of male 
broilers. Poult. Sci. 83:1868–1875. 
Yi, G. F., G. L. Allee, C. D. Knight, and J. J. Dibner. 2005. Impact of glutamine and Oasis 
hatchling supplement on growth performance, small intestinal morphology, and immune 
response of broilers vaccinated and challenged with Eimeria maxima. Poult. Sci. 84:283–
293. 
Young, V. R., and H. N. Munro. 1978. Ntau-methylhistidine (3-methylhistidine) and muscle 
protein turnover: an overview. Fed. Proc. 37:2291–300. 
Zimmerman, R. A., and H. M. Scott. 1965. Interrelationship of plasma amino acid levels and 
weight gain in the chick as influenced by suboptimal and superoptimal dietary 
concentrations of single amino acids. J. Nutr. 87:13–18. 
 
 47 
 
Figure 
 
 
 
Figure 2.1*. General life cycle of Eimeria parasites. (1) Ingestion of sporulated oocyst. (2) Four 
sporocysts are released following disruption of the oocyst wall in the crop and gizzard. (3) 
Exposure to digestive enzymes facilitates the release of 2 sporozoites from each sporocyst, and 
sporozoites attach and infiltrate epithelial cells. (4)  Sporozoites develop into trophozoites within 
the epithelial cell.  First generation merozoites arise from asexual fission within the trophozoite 
and are released into the lumen.  (5) Each mereozoite invades an epithelial cell to produce 2
nd
 
generation mereozoites.  The number of schizogony cycles is finite and species-specific. (6)  
Final generation merozoites invades epithelial cells and ultimately develop into macrogamtes (♀) 
and microgametes (♂) during via sexual reproduction. (7)  Mature microgamtetes (♂) leave the 
host cell and penetrate adjacent cells to fertilize macrogametes (♀) to form zygotes.  (8) 
Fertilized macrogametes form a resistant wall and develop into unsporulated, non-infectious 
oocysts which leave host epithelial cells and are excreted into the environment.  (9)  Oocysts 
undergo sporulation, which is temperature, moisture, and oxygen-dependent, via meiotic and 
mitotic nuclear division.  
 
*Figure reprinted from Trends in Parasitology, Vol 30:1, D.P Blake and F. M. Tomley, Securing poultry production 
from the ever-present Eimeria challenge, Pages 12-19, Copyright 2014, with permission from Elsevier. 
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CHAPTER 3: EFFECTS OF EIMERIA ACERVULINA INFECTION SEVERITY ON 
GROWTH PERFORMANCE, APPARENT ILEAL AMINO ACID DIGESTIBILITY, 
AND PLASMA CONCENTRATIONS OF AMINO ACIDS, CAROTENOIDS, AND α1-
ACID GLYCOPROTEIN IN BROILERS 
Abstract: An experiment was conducted to evaluate growth performance, apparent ileal 
digestibility (AID) of amino acids, and plasma concentrations of amino acids, carotenoids, and 
α1-acid glycoprotein, an acute-phase protein, in broilers inoculated with graded doses of E. 
acervulina oocysts. Ross 308 male broilers (400 total) were housed in battery cages from 1 to 21 
d post-hatch and received common corn-soybean meal-based diets throughout the experiment. At 
9 d post-hatch, birds were individually-weighed and allotted to 4 treatment groups with 10 
replicate cages of 10 birds per cage. At 15 d post-hatch, all birds were inoculated with 1 mL of 
distilled water that contained 0, 2.5 × 10
5
, 5.0 × 10
5
, or 1.0 × 10
6
 sporulated E. acervulina 
oocysts. At 21 d, birds were euthanized for collection of blood and ileal digesta. Body weight 
gain and feed efficiency decreased linearly (P < 0.05) with increasing E. acervulina dose. With 
the exception of Trp and Gly, AID values decreased (P < 0.05) linearly or quadratically for all 
amino acids by an average of 2.6 percentage units for birds inoculated with 1.0 × 10
6
 oocysts 
compared with uninfected birds. Infection with E. acervulina caused a quadratic decrease (P < 
0.05) in plasma carotenoid concentrations. Plasma concentrations of Arg and Tyr decreased 
linearly (P < 0.05) with increasing E. acervulina inoculation dose and plasma Gln and Asn 
decreased quadratically (P < 0.01). Linear increases (P < 0.05) were observed for plasma Lys, 
Leu, Ile, Val, Pro, and Orn as E. acervulina inoculation dose increased. Plasma α1-acid 
glycoprotein of broilers was not influenced (P > 0.05) by E. acervulina infection. In conclusion, 
E. acervulina challenge adversely impacted growth performance, plasma carotenoids, and AID 
of amino acids in a dose-dependent manner. However, plasma amino acid responses to graded E. 
acervulina inoculation doses varied considerably among amino acids. Thus, these results 
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indicated that alterations in amino acid metabolism caused by E. acervulina infection extended 
beyond reduced amino acid digestibility. 
Introduction 
Coccidiosis in poultry results from parasitic intestinal infections by protozoan species of 
genus Eimeria and causes substantial economic losses for poultry producers (Williams, 1999).  
Traditional coccidiosis control measures based on the use of in-feed anticoccidal compounds 
have been successful but are being challenged by resistant strains of Eimeria spp. and consumer 
demand for poultry products produced without the use of in-feed antimicrobials.  Vaccination is 
a viable alternative to in-feed anticoccidial drugs, but Eimeria vaccines may induce mild, 
transient coccidiosis that usually occurs between 14 and 28 d post-hatch and can impair broiler 
performance (Chapman et al., 2002; Lehman et al., 2009).  Dietary composition, particularly 
protein content, can influence Eimeria pathogenicity and alter the bird’s capacity for 
compensatory gain following infection (Britton et al., 1964; Sharma et al., 1973; Lehman et al., 
2009; Lee et al., 2011).  Thus, a further understanding of the influence of an Eimeria challenge 
on amino acid utilization in broilers is needed to help identify dietary strategies that can 
minimize the detriments of coccidiosis. 
Broiler diets are often formulated in accordance with the ideal amino acid concept, 
whereby dietary amino acid requirements are expressed relative to the digestible Lys requirement 
(Emmert and Baker, 1997).  It is possible that coccidiosis may alter the ideal amino acid profile 
for broilers due to changes in biochemical and physiological processes caused by this disease.  
Successful implementation of the ideal amino acid concept requires reliable estimates of amino 
acid digestibility of feed ingredients, which are often generated using the ileal amino acid 
digestibility assay (Ravindran et al., 2005).  Coccidiosis impairs nutrient digestion and 
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absorption, but only a few reports have attempted to quantify the effects of a coccidial infection 
on ileal amino acid digestibility of diets in modern broilers (Parker et al., 2007; Amerah and 
Ravindran, 2015). 
A number of biomarkers have been used to evaluate Eimeria infection severity in 
chickens.  Plasma carotenoids have been demonstrated to be a rapid and sensitive indicator of 
intestinal disruption caused by coccidiosis (Conway et al., 1993).  Additionally, the non-
metabolizable amino acid, 3-methylhistidine (3MH), is a biomarker of skeletal muscle 
catabolism and has been reported to increase in the plasma of chickens and turkey poults during 
coccidiosis (Young and Munro, 1978; Fetterer and Allen, 2000; Fetterer and Allen, 2001; 
Fetterer and Augustine, 2001).  This muscle catabolism may be a potential mechanism to 
mobilize amino acids to be used for synthesis of immune system components such as acute-
phase proteins during infection (Reeds et al., 1994).  Positive acute-phase proteins including α1-
acid glycoprotein (AGP) are synthesized by hepatocytes in response to pro-inflammatory 
cytokines following recognition of Eimeria invasion by the innate immune system (Richards and 
Augustine, 1988; Rath et al., 2009; Chen et al., 2015). Combined with reduced digestibility, 
these alterations in amino acid metabolism likely have marked effects on the free amino acid 
pool of broilers.  Indeed, plasma arginine decreases during coccidiosis (Allen and Fetterer, 
2000), but there is a paucity of information regarding the effects of an Eimeria infection on 
plasma levels of other amino acids. 
      Concurrent evaluation of amino acid digestibility and biomarkers of coccidiosis in birds 
subjected to varying degrees of infection will help delineate the extent to which amino acid 
malabsorption and changes in post-absorptive metabolism each contribute to Eimeria-induced 
performance losses.  Thus, an experiment was conducted to evaluate the effects of graded E. 
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acervulina inoculation doses on the apparent ileal digestibility (AID) of amino acids and plasma 
concentrations of amino acids, carotenoids, and AGP in broilers at 21 d post-hatch. 
Materials and Methods 
All animal care and experimental procedures were approved by the University of Illinois 
Institutional Animal Care and Use Committee before initiation of the experiment. 
Bird Husbandry 
 Four hundred male Ross × Ross 308 broilers were obtained at 1 d post-hatch from a 
commercial hatchery and placed in thermostatically-controlled batteries with raised wire floors 
in an environmentally-controlled room with continuous lighting.  Birds were provided free 
access to water and a corn-soybean meal-based starter diet that met or exceeded requirements for 
Ross broilers (Aviagen, 2014) until 9 d post-hatch.  At 9 d post-hatch, birds were weighed, wing-
banded, and allotted to 4 treatment groups similar in body weight.  Ten replicate cages were 
assigned to each treatment group with 10 birds per cage.  After allotment, birds were switched to 
a corn-soybean meal-based grower diet (Table 3.1) for the remainder of the experiment.  Birds 
and feeders were weighed at 15 and 21 d post-hatch for calculation of body weight gain, feed 
intake, and feed efficiency to assess growth performance.  Mortality was less than 5% and was 
unrelated to treatment.  Feed efficiency was corrected to include weight gain of birds that died 
during the trial. 
Eimeria acervulina Challenge 
 A strain of E. acervulina originally obtained from the USDA Animal Parasitic Diseases 
Laboratory, Beltsville, MD (courtesy of Dr. Mark Jenkins) was maintained in our laboratory by 
periodic passage (every 3 to 5 mo) through 3 wk-old chickens.  Oocysts were isolated from 
excreta and allowed to sporulate in 2.0% K2Cr2O7 at 28°C under forced aeration before storage at 
4°C.  Immediately before inoculation, sporulated E. acervulina oocysts were washed free from 
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K2Cr2O7 and diluted with distilled water to desired concentrations.  At 15 d post-hatch, broilers 
were weighed and orally-inoculated with 1 mL of distilled water containing 0 (sham 
inoculation), 2.5 × 10
5
, 5.0 × 10
5
, or 1.0 × 10
6 
 sporulated E. acervulina oocysts using a 1 mL 
syringe.  Oocysts inocula levels were chosen based on previous research showing dose-
dependent growth responses to E. acervulina infection (Conway et al., 1993; Fetterer and Allen, 
2000).  Infection was confirmed by oocyst counts of excreta samples collected on 21 d post-
hatch according to the procedures of Holdsworth et al. (2004).  There were no oocysts detected 
in the excreta of uninfected birds, whereas oocysts were found in all excreta samples collected 
from E. acervulina-inoculated birds (data not shown). 
Plasma Collection and Analyses  
 At 21 d post-hatch (6 d post-inoculation), birds were euthanized by CO2 inhalation and 
immediately dissected for blood and digesta collection.  Two birds closest to the median weight 
were selected from each cage and blood was collected via cardiac puncture into tubes containing 
EDTA, placed on ice, and centrifuged for 20 min at 1,250 × g and 4°C.  Plasma from birds 
within a cage was pooled, aliquoted, and stored at -80°C until further analysis.  Blood processing 
and carotenoid analysis were conducted under yellow light.  Plasma carotenoid concentrations 
were determined by spectrophotometry as previously described by Allen (1987).  Plasma 
concentrations of AGP were determined using a sandwich ELISA kit according to 
manufacturer’s instructions (Life Diagnostics, Inc., West Chester, PA).  For plasma free amino 
acid analysis, plasma samples were deproteinized by mixing approximately 300 µL of plasma 
with an equal volume of SeraPrep (Pickering Laboratories, Mountain View, CA).  After 
incubation for 5 min at room temperature, this mixture was frozen overnight, thawed, and 
centrifuged at 13,500 × g for 5 min.  Amino acids in the supernatant were separated with a high-
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performance liquid chromatography instrument (ICS-5000, Dionex Corp., Sunnyvale, CA) using 
a lithium cation-exchange column (Model 0354100T, Pickering Laboratories, Inc., Mountain 
View, CA), followed by post-column ninhydrin derivatization and UV light detection of 
individual amino acids. 
Determination of Apparent Ileal Amino Acid Digestibility 
For determination of amino acid digestibility, ileal contents of all birds in each cage were 
gently flushed from a section of the terminal ileum approximately 5 to 35 cm proximal to the 
ileo-cecal junction using distilled, deionized water.  Digesta samples were pooled within cage 
and frozen, lyophilized, and ground using an electric coffee grinder.  Amino acid concentrations 
of the diet and digesta were analyzed by the University of Missouri Agricultural Experiment 
Station Chemical Laboratory [method 982.30 E (a,b,c), AOAC International 2006].   Titanium 
dioxide was used as an indigestible marker, and diet and digesta TiO2 concentrations were 
determined according to the procedures of Short et al. (1996).  Apparent ileal digestibility (AID) 
of amino acids was calculated using the following equation:  
AID, % = {[(AA / TiO2)diet – (AA / TiO2)digesta] / (AA / TiO2)diet} × 100, 
where (AA/TiO2) = ratio of amino acids to TiO2 in the diet or ileal digesta.  
Statistical Analyses 
 A single cage served as the experimental unit and 10 replicate cages of each of the 4 
treatments were arranged in a completely randomized design.  Data are presented as least squares 
means of treatment groups.  All data were analyzed by ANOVA using the MIXED procedure of 
SAS 9.3 (SAS Institute, Cary, NC).  Linear and quadratic orthogonal polynomial contrasts were 
used to evaluate effects of oocyst inoculation dose on response outcomes using ESTIMATE 
statements within PROC MIXED.  Statistical significance was considered when P < 0.05. 
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Results and Discussion 
Growth performance of broilers decreased linearly (P < 0.01) with increasing E. 
acervulina inoculation dose, resulting in a 20% reduction in body weight gain for birds 
inoculated with 1.0 × 10
6 
oocysts compared with uninfected birds (Table 3.2).   Feed intake and 
feed efficiency also decreased linearly (P < 0.01) with E. acervulina inoculation dose, with 11% 
reductions in each of these outcomes for birds receiving the highest inoculated dose. Thus, it 
appears that detriments in feed intake and feed utilization were equally responsible for the lower 
weight gain of E. acervulina-infected birds in the current study.  A recent meta-analysis of birds 
experimentally-infected with Eimeria spp. indicated that reduced feed utilization accounted for a 
greater proportion of losses in weight gain as infection severity increases, particularly in birds 
infected with E. acervulina (Kipper et al., 2013).  
 Plasma carotenoids of birds in the current study decreased quadratically in response to 
increasing E. acervulina inoculation dose (Figure 1). Plasma carotenoids, although an indirect 
measure, have been demonstrated to be an excellent indicator of intestinal damage in birds 
during coccidiosis, even at very low oocyst inoculation levels that have minimal impact on bird 
performance (Conway et al., 1993; Holdsworth et al., 2004; Hernández-Velasco et al., 2014).  
The large reduction in plasma carotenoids of birds inoculated with 2.5 × 10
5
 oocysts, for which 
no losses in weight gain were observed, confirms the sensitivity of this measurement to Eimeria 
infection severity. 
With the exception of Gly and Trp, E. acervulina infection decreased AID of all amino 
acids for broilers in the current study (Table 3.3).  Apparent ileal digestibility of Met, Val, and 
Ser decreased quadratically (P < 0.05) with increasing E. acervulina dose, and linear reductions 
(P < 0.05) were observed for all other amino acids.  For most amino acids, AID values were 
slightly greater for birds inoculated with 1.0 × 10
6
 oocysts than for birds inoculated with 5.0 × 
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10
5
 oocysts, even when linear rather than quadratic relationships were statistically significant.  
This general relationship was similar to that observed for plasma carotenoids.  Indeed, excluding 
Trp, AID values for all other amino acids were correlated (P < 0.05) with plasma carotenoid 
concentrations, with Pearson correlation coefficients ranging from 0.336 for Gly to 0.666 for Met 
(Table 3.4).  Therefore, this correlation further validates plasma carotenoids as an indicator of 
Eimeria-induced disruption of intestinal function. 
It is possible that the more severe infection in birds inoculated with 1.0 × 10
6
 oocysts 
may have triggered a compensatory mechanism of increased amino acid absorption in uninfected 
distal regions of the intestine (Ruff and Wilkins, 1980).  Furthermore, a crowding threshold 
exists whereby the reproductive potential and excretion of oocysts are limited by the number of 
available epithelial cells within the region of the intestine susceptible to parasitism (Williams, 
2001).  Despite these potential explanations, it is not currently clear why the highest E. 
acervulina inoculation dose of 1.0 × 10
6 
oocysts did not induce substantially greater reductions 
in AID of amino acids than did 5.0 × 10
5 
oocysts for birds in the current experiment. 
On average, AID values of amino acids for birds inoculated with 5.0 × 10
5
 and 1.0 × 10
6 
E. acervulina oocysts
 
were 2.9 percentage units lower than uninfected birds in this study.  The 
greatest reductions were observed for Cys (5.3 percentage units) and Ala (4.0 percentage units), 
followed by Val, Ser, and Thr, which were each reduced by approximately 3.6 percentage units 
compared with uninfected broilers.  Amerah and Ravindran (2015) reported that AID of Ala, 
Cys, Ile, and Thr was most impacted in broilers challenged with a mixed Eimeria infection (1.8 × 
10
5
, 6 × 10
3
, and 1.8 × 10
4
 sporulated E. acervulina, E. maxima, and E. tenella oocysts, 
respectively), with an average reduction of 13.4 percentage units for all amino acids.  In 
evaluating AID of 10 amino acids, Parker et al. (2007) reported an average reduction of 8.4 
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percentage units when Eimeria-vaccinated broilers were subsequently subjected to a mixed 
Eimeria challenge (2 × 10
5
, 1 × 10
5
, and 1 × 10
5
 sporulated E. acervulina, E. maxima, and E. 
tenella oocysts, respectively), with the greatest losses observed for branched chain amino acids 
(BCAA), Thr, and Cys.  Thus, our work and that of others collectively indicate that coccidiosis-
induced reductions in AID are likely to be the greatest for Ala, BCAA, Cys, and Thr. 
 There are a number of factors which may have contributed to the variation in AID among 
amino acids for birds at a given E. acervulina inoculation dose.  Cysteine is one of the more 
poorly digested amino acids in corn and soybean meal fed to broilers (Ravindran et al., 2005), so 
it is not surprising that Cys digestibility was among the most impacted by coccidiosis in the 
present study. Additionally, AID values do not account for endogenous amino acid losses, and it 
is expected that plasma protein leakage, increased mucogenesis, and rapid turnover of intestinal 
cells caused by coccidiosis increases endogenous amino acid flow (Fernando and McCraw, 
1973; Joyner et al., 1975; Collier et al., 2008; Amerah and Ravindran, 2015).  Adedokun et al. 
(2012) used the regression method to evaluate the influence of fiber level and an Eimeria vaccine 
challenge on endogenous amino acid losses in birds fed semi-purified diets.  These authors 
reported that Eimeria challenge generally decreased endogenous amino acid losses for birds fed 
high fiber diets, whereas there was minimal impact of Eimeria challenge on endogenous losses 
for birds fed low fiber diets.  However, due to the requirement of pancreatic trypsin by Eimeria 
for the excystation process of sporozoites from sporocysts in the intestine (Britton et al., 1964), 
coccidiosis likely causes greater endogenous amino acid losses when birds are fed diets adequate 
in protein than when birds are fed low protein, highly-digestible diets such as those used by 
Adedokun et al. (2012).  Thus, accurate estimation of the influence of coccidiosis on endogenous 
amino acid flow may require more complex methods such as the use of isotope markers. 
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 Molecular responses of host cells to limit amino acid uptake during coccidiosis may have 
also contributed to the lower AID of amino acids observed for E. acervulina-infected birds.  
Recent reports demonstrated that gene expression of EAAT3, CAT2, BᵒAT, and heterodimeric 
bᵒ,+AT/ rBAT amino acid transport systems are down-regulated in the duodenum of birds during 
an E. acervulina infection (Paris and Wong, 2013; Su et al., 2014; Su et al., 2015).  These 
transporters collectively involve the cellular transport of Glu, Gln, Asp, Lys, Arg, Cys, Orn, and 
nonpolar amino acids (Moughan and Stevens, 2013).  Furthermore, duodenal gene expression of 
aminopeptidase N, a brush border aminopeptidase, was down-regulated by E. acervulina 
infection (Su et al., 2014; Su et al., 2015). These authors hypothesized that lower expression of 
these genes may be part of a mechanism to attenuate an Eimeria infection through accelerating 
host cell death by limiting amino acid uptake. 
   It was hypothesized in the current study that alterations in AID and metabolism of amino 
acids in birds caused by the Eimeria infection would influence plasma amino acid 
concentrations.  Indeed, plasma concentrations of Arg and Tyr decreased linearly (P < 0.05) in 
birds with increasing E. acervulina inoculation dose, and Gln and Asn decreased quadratically 
(Table 3.5). On the other hand, linear increases (P < 0.05) were observed in the plasma 
concentrations of Lys, Leu, Ile, Val, Pro, and Orn of birds as E. acervulina inoculation dose 
increased.  The observed decrease in plasma Arg concentrations of E. acervulina-infected birds 
in this study corroborates previous findings of Allen (1999) and Allen and Fetterer (2000), but 
there is a paucity of information on plasma levels of other amino acids for broilers during an 
Eimeria infection.   
The plasma amino acid profile of an animal at a given time point represents the net effect 
of amino acid appearance from dietary absorption and tissue release and amino acid 
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disappearance due to incorporation in proteins, oxidation and metabolism, and excretion 
(Cynobar, 2002).  In broilers, this can be influenced by a multitude of factors including age of 
the birds, physiological status, nutritional status, feeding regimen, and sampling procedures 
(Ravindran and Bryden, 1999).  Therefore, caution must be exercised when using plasma amino 
acid concentrations as an indicator of amino acid metabolism due to the dynamic nature of this 
free amino acid pool.  Nonetheless, plasma amino acid levels can prove useful in identifying 
limiting amino acids, indicated by a low concentration, and excess amino acids, which increase 
rapidly when supply is greater than metabolic demand (Zimmerman and Scott, 1965; Fernández 
Fígares et al., 2005).  Thus, regarding indispensable amino acids, our data indicate that Arg was 
potentially limiting for E. acervulina-infected birds in the current study, whereas Lys and the 
BCAA appeared to be in excess when compared with uninfected birds. 
Reduced plasma Arg of infected birds reported herein may have been related to increased 
demand of Arg as a substrate for the production of nitric oxide (Allen and Fetterer, 2000).  Nitric 
oxide is a key mediator of the immune response to Eimeria spp. and is produced through 
inducible nitric oxide synthase of activated macrophages, particularly in response to the cytokine 
interferon-γ (Lillehoj and Li, 2004).  Production of nitric oxide is dependent on extracellular 
availability of Arg, and nitric oxide synthase must compete for Arg with other Arg-degrading 
enzymes such as arginase (Chang et al., 1998).  Arginase is found in avian macrophages and 
catalyzes the conversion of Arg to Orn and urea (Djeraba et al., 2002).  Ornithine produced by 
arginase can serve as precursor of polyamines to support cell proliferation in tissue repair 
(Moinard et al., 2005).  In the current study, the 22% decrease in plasma Arg in broilers 
inoculated with 1.0 × 10
6 
oocysts was accompanied by a 95% increase in plasma Orn.  The 
balance between nitric oxide production and Orn production via arginase is the distinguishing 
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feature between M1- and M2-type macrophages, respectively, and this balance has been related 
to susceptibility of chickens to Marek’s disease (Djeraba et al., 2002; Mills and Ley, 2014). 
Additionally, supplemental Arg was reported to promote mucosal repair in the jejunum of 
broilers challenged with mixed Eimeria spp. through activation of the mammalian target of 
rapamycin complex 1 pathway (Tan et al., 2014), and this enhanced cellular renewal may have 
depended on polyamine supply from arginase-derived Orn.     
Arginase also plays a role in the well-documented antagonistic relationship between Arg 
and Lys in poultry, as reviewed by Balnave and Brake (2002), whereby high dietary Lys 
concentrations can depress plasma Arg through competition for renal tubular resorption and 
inducing arginase activity in the kidney.  In the current study, the inverse responses of plasma 
Arg and Lys to E. acervulina inoculation resulted in plasma Arg:Lys ratios of 2.1, 1.4, 1.1, and 
0.9 for birds infected with 0, 2.5 × 10
5
, 5.0 × 10
5
, or 1.0 × 10
6
 oocysts, respectively.  In addition 
to the aforementioned increase in plasma Orn, the plasma Arg:Lys ratio supports arginase 
activity as a potential cause of depressed plasma Arg in E. acervulina-infected birds, although 
urea levels were unchanged with infection.  Plasma Arg, Orn, and urea levels of birds in the 
current study were in general agreement with those reported by Ruiz-Feria et al. (2000) for 
uninfected birds, and it was suggested by these authors that the kidneys are likely capable of 
clearing modest excess urea within these ranges.  Direct evidence on kidney and macrophage 
arginase activity in future studies would provide further insight into the Arg status of broilers 
during coccidiosis. 
Plasma glutamine was also depressed in E. acervulina-infected birds in the current study.  
Glutamine is quantitatively the most utilized amino acid in the intestine, and it has also been 
recognized that the demand for Gln increases during infection or injury (Newsholme, 2001; 
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Wang et al., 2014).  Thus, reduced plasma Gln concentrations of E. acervulina-infected birds in 
the present study may have been due to an increased need for Gln as a fuel source for immune 
cells and enterocytes.  Accordingly, supplementation of Gln has been demonstrated to be a 
potentially viable strategy to support the immune response and growth performance of Eimeria-
vaccinated or challenged broilers (Yi et al., 2005; Mussini et al., 2012). 
Contrary to our hypothesis, there was no impact of E. acervulina infection on plasma 
3MH (P > 0.05) in the current study (Table 3.6).  Three-MH is a biomarker of skeletal protein 
degradation, and its increased plasma concentration has been associated with lower weight gain 
of chickens and turkey poults during coccidiosis (Young and Munro, 1978; Fetterer and Allen, 
2000; Fetterer and Allen, 2001; Fetterer and Augustine, 2001).  The disparity in our results and 
previous reports could be partly due to genetic differences in the capacity for muscle accretion 
between the modern broilers used in the current study and less intensively-selected crossbred 
chickens used by previous researchers, as well as environmental and analytical variation between 
laboratories.  Although plasma 3-MH did not indicate increased protein catabolism in the current 
study, the plasma accumulation of Lys and BCAA in infected birds may have resulted from the 
reduced demand for these amino acids for skeletal muscle synthesis in infected birds.  Thus, it is 
likely that changes in muscle accretion due to E. acervulina infection had a direct bearing on the 
plasma amino acid profile of birds in the current study. 
  Plasma AGP concentrations of broilers in the current study was not significantly 
changed (P > 0.05) by E. acervulina infection (Table 3.6).  Positive acute-phase proteins, 
including ovatransferrin, AGP, and ceruloplasmin, are secreted by the liver following stimulation 
by pro-inflammatory cytokines and are indicative of systemic inflammation (Gruys et al., 2005).  
These proteins have various metabolic and immunological functions that may be beneficial 
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during coccidiosis (Rath et al., 2009; O’Reilly and Eckersall, 2014).  The lack of response in 
plasma AGP for broilers in the current study is in contrast to the 3.8-fold increase in AGP 
reported by Chen et al. (2015) when broilers were subjected to an intestinal challenge that 
involved high dietary levels of soluble non-starch polysaccharides and inoculation with a mixed 
Eimeria spp. vaccine.  Richards and Augustine (1988) reported that ceruloplasmin was elevated 
in birds infected with E. tenella, but not those infected with E. acervulina.  Therefore, it appears 
that other Eimeria species have a more profound effect than E. acervulina on acute-phase protein 
synthesis in broilers.  It has been suggested that amino acids are derived from the catabolism of 
skeletal muscle to support acute-phase protein production during disease or trauma (Reeds et al., 
1994).  However, lack of responses in plasma AGP and 3MH indicate that this mechanism likely 
had minimal influence on the amino acid status of birds subjected to the E. acervulina model 
used in the current study. 
In conclusion, growth performance, plasma carotenoids, and AID of amino acids 
decreased in a dose-dependent manner when birds were infected with graded doses of E. 
acervulina oocysts.  Despite lower AID values for all indispensable amino acids, Arg was the 
only indispensable amino acid for which plasma concentrations were depressed by E. acervulina 
infection, indicating that reduced amino acid digestibility likely only played a minor role in 
altering the amino acid status of infected birds.  Concomitant increases in plasma Lys and Orn 
concentrations indicated that increased arginase activity may have led to lower plasma Arg of 
broilers during coccidiosis.  Further research is needed to investigate this potential mechanism 
and to further characterize additional changes in amino acid metabolism that may warrant dietary 
intervention for broilers when the probability of an Eimeria challenge is high. 
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Tables and Figures
Table 3.1.  Ingredient and calculated nutrient composition of the starter and grower diets fed to 
broilers from 1 to 21 d post-hatch
1
 
Item Starter (1 to 9 d) Grower (9 to 21 d) 
Ingredient, % as-fed   
Corn 53.05 54.95 
Soybean meal 34.00 31.11 
Corn distiller’s dried grains with solubles 5.00 6.00 
Soybean oil 3.00 3.22 
Sodium chloride 0.40 0.40 
Calcium carbonate 1.20 1.12 
Dicalcium phosphate 2.00 1.70 
Vitamin premix
2
 0.20 0.20 
Trace mineral premix
3
 0.15 0.15 
Choline chloride (60%) 0.32 0.32 
L-lysine·HCl 0.22 0.18 
DL-methionine 0.31 0.25 
L-threonine 0.15 0.10 
Titanium dioxide      ̶ 0.30 
Calculated energy and nutrient composition   
AMEn, kcal/kg 3,033 3,073 
CP, % 21.95 21.00 
SID lysine, % 1.23 1.14 
SID TSAA, % 0.93 0.85 
SID threonine, % 0.85 0.77 
Calcium, % 1.02 0.92 
Non-phytate phosphorus, % 0.52 0.46 
1
Abbreviations: AMEn = nitrogen-corrected apparent metabolizable energy, SID = 
standardized ileal digestible 
 
2
Provided per kilogram of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 μg; dl-
α-tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; d-Ca-pantothenate, 10 
mg; niacin, 22 mg; and menadione sodium bisulfite, 2.33 mg
 
3
Provided per kilogram of complete diet: Mn, 75 mg from MnO; Fe, 75 mg from FeSO4・
7H2O; Zn, 75 mg from ZnO; Cu, 5 mg from CuSO4・5H2O; I, 0.75 mg from ethylene diamine 
dihydroiodide; and Se, 0.1 mg from Na2SeO3.
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Table 3.2. Effects of  E. acervulina oocyst inoculation dose on growth performance of broilers from 15 to 21 d post-hatch
1
 
 E. acervulina oocysts per bird  Linear Quadratic 
Item 0 2.5 × 10
5
 5.0 × 10
5
 1.0 × 10
6
 SEM P-value P-value 
Body weight gain, g 357 359 316 286 9.3 <0.001 0.786 
Feed intake, g 521 525 478 466 10.6 <0.001 0.678 
G:F, g/kg 686 686 658 613 10.5 <0.001 0.266 
1
Values represent least squares means of 10 replicate cages containing 10 birds per cage (Ross 308 genetics).  Birds were inoculated 
at 15 d post-hatch with 1 mL of distilled, deionized water (sham) or 1 of 3 levels of sporulated E. acervulina oocyst doses in 1 mL of 
water.  
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Table 3.3. Effects of  E. acervulina oocyst inoculation dose on the apparent ileal digestibility (%) of amino acids at 21 d post-hatch
1
 
 E. acervulina oocysts per bird  Linear Quadratic 
Item 0 2.5 × 10
5
 5.0 × 10
5
 1.0 × 10
6
 SEM P-value P-value 
Indispensable amino acids       
Arg 90.3 89.7 88.3 88.5 0.51 0.008 0.138 
His 86.3 85.6 83.7 84.4 0.75 0.044 0.126 
Ile 85.2 83.9 81.6 81.9 0.86 0.005 0.090 
Leu 87.1 85.8 83.8 83.8 0.78 0.002 0.121 
Lys 88.0 87.0 84.9 85.2 0.68 0.002 0.073 
Met 93.6 92.7 91.1 91.2 0.43 <0.001 0.033 
Phe 86.9 85.7 83.7 83.8 0.79 0.005 0.125 
Thr 79.7 78.3 75.7 76.5 1.06 0.025 0.090 
Trp 88.0 88.9 88.3 89.7 0.68 0.096 0.817 
Val 83.9 82.5 80.0 80.5 0.89 0.005 0.008 
Dispensable amino acids       
Ala 85.6 84.2 81.5 81.6 0.87 <0.001 0.088 
Asp 82.3 81.4 79.1 79.7 0.90 0.025 0.135 
Cys 73.2 71.3 67.6 68.1 1.50 0.010 0.145 
Glu 89.2 88.5 86.7 86.8 0.58 0.002 0.112 
Gly 79.3 78.8 76.5 77.4 1.04 0.111 0.233 
Pro 85.0 84.2 82.4 82.6 0.80 0.023 0.216 
Ser 82.4 81.3 78.1 79.4 0.94 0.012 0.041 
Tyr 85.4 84.5 82.3 83.0 0.82 0.023 0.107 
1
Values represent least squares means of 10 replicate cages containing 10 birds per cage (Ross 308 genetics).  Birds were inoculated 
at 15 d post-hatch with 1 mL of distilled, deionized water (sham) or 1 of 3 levels of sporulated E. acervulina oocyst doses in 1 mL 
water.  
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Table 3.4. Pearson correlation coefficients (r) between plasma carotenoid 
concentrations and apparent ileal digestibility (%) of amino acids at 21 d 
post-hatch
1
 
Item r P-value 
Indispensable amino acids  
Arg 0.520 <0.001 
His 0.427 0.007 
Ile 0.530 <0.001 
Leu 0.549 <0.001 
Lys 0.560 <0.001 
Met 0.666 <0.001 
Phe 0.545 <0.001 
Thr 0.432 0.006 
Trp -0.133 0.419 
Val 0.523 <0.001 
Dispensable amino acids  
Ala 0.584 <0.001 
Asp 0.445 0.005 
Cys 0.443 0.005 
Glu 0.559 <0.001 
Gly 0.336 0.036 
Pro 0.440 0.005 
Ser 0.468 0.003 
Tyr 0.468 0.003 
1
Birds were inoculated at 15 d post-hatch with 1 mL of distilled, 
deionized water (sham) or 1 of 3 levels of sporulated E. acervulina oocyst 
doses in 1 mL water.  
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Table 3.5. Effects of  E. acervulina oocyst inoculation dose on plasma amino acid and urea concentrations (nmol/mL) of broilers at  
21 d post-hatch
1
 
 E. acervulina oocysts per bird  Linear Quadratic 
Item 0 2.5 × 10
5
 5.0 × 10
5
 1.0 × 10
6
 SEM P-value P-value 
Indispensable amino acids       
Arg 556 492 446 434 32.1 0.011 0.190 
His 129 128 124 141 7.8 0.272 0.266 
Ile 167 185 197 219 9.5 <0.001 0.666 
Leu 285 282 302 328 12.3 0.008 0.551 
Lys 265 357 410 459 32.9 <0.001 0.188 
Met 204 174 188 182 12.6 0.425 0.374 
Phe 177 179 183 176 8.7 0.947 0.522 
Thr 1,228 1,051 1,128 1,199 68.3 0.827 0.105 
Trp 61 60 61 62 2.4 0.742 0.847 
Val 243 245 260 284 13.7 0.022 0.726 
Dispensable amino acids       
Ala 1,392 1,284 1,320 1,339 84.0 0.820 0.478 
Asp 37 28 31 29 3.8 0.327 0.413 
Asn 324 274 229 225 16.4 <0.001 0.024 
Cys 67 65 66 64 2.5 0.477 0.860 
Glu 223 212 206 211 9.6 0.398 0.307 
Gln 4,471 3,634 3,239 3,262 287.9 0.006 0.045 
Gly 739 657 694 691 33.1 0.556 0.280 
Orn 44 52 72 86 6.9 <0.001 0.591 
Pro 548 559 625 709 30.0 <0.001 0.681 
Ser 676 644 769 773 47.7 0.069 0.825 
Tyr 297 286 253 226 20.2 0.010 0.896 
Urea 547 408 472 516 47.9 0.903 0.102 
1
Values represent least squares means of 10 replicate cages containing 10 birds per cage (Ross 308 genetics).  Birds were inoculated 
at 15 d post-hatch with 1 mL of distilled, deionized water (sham) or 1 of 3 levels of sporulated E. acervulina oocyst doses in 1 mL 
water.  
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Table 3.6. Effects of  E. acervulina oocyst inoculation on plasma α1-acid glycoprotein and 3-methylhistidine concentrations of 
broilers at 21 d post-hatch
1
 
 E. acervulina oocysts per bird  Linear Quadratic 
Item 0 2.5 × 10
5
 5.0 × 10
5
 1.0 × 10
6
 SEM P-value P-value 
α1-acid glycoprotein, µg/mL 208 260 231 278 28.1 0.140 0.902 
3-methylhistidine, nmol/mL 13.0 14.4 13.5 15.7 1.37 0.208 0.832 
1
Values represent least squares means of 10 replicate cages containing 10 birds per cage (Ross 308 genetics).  Birds were inoculated 
at 15 d post-hatch with 1 mL of distilled, deionized water (sham) or 1 of 3 levels of sporulated E. acervulina oocyst doses in 1 mL of 
water.  
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Figure 3.1. Plasma carotenoid concentrations of broilers determined on 21 d post-hatch. Birds 
were inoculated with 0, 2.5 × 10
5
, 5.0 × 10
5
, or 1.0 × 10
6 
sporulated E. acervulina oocysts on 15 
d post-hatch.  Plasma was pooled from 2 birds per cage.  Values represent least squares means of 
10 replicate cages, and error bars reflect SEM. A quadratic reduction (P < 0.001) in plasma 
carotenoid concentrations was observed as E. acervulina inoculation dose increased.
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CHAPTER 4: EFFECTS OF DIETARY COPPER AND AMINO ACID DENSITY ON 
GROWTH PERFORMANCE, APPARENT METABOLIZABLE ENERGY AND 
NUTRIENT DIGESTIBILITY IN EIMERIA ACERVULINA-CHALLENGED BROILERS 
Abstract: The objective of this experiment was to evaluate the influence of copper 
supplementation in diets varying in amino acid (AA) density on growth performance, apparent 
metabolizable energy (AMEn), apparent ileal nutrient digestibility (AID), and plasma 
carotenoids in broiler chicks infected with Eimeria acervulina. Ross 308 male chicks (480 total) 
were housed in battery cages and allotted to 8 experimental treatments in a factorial arrangement 
of 2 dietary AA densities [1.00% (LAA) or 1.20% (HAA) digestible Lys], 2 supplemental 
copper concentrations (0 or 116 mg/kg), and 2 E. acervulina infection states (uninfected or 
infected).  Essential AA ratios relative to digestible lysine were similar in both the LAA and 
HAA diets, and copper was provided by 200 mg/kg of tribasic copper chloride (58% copper).  
Chicks received experimental diets from 2 to 21 d post-hatch and 6 replicate cages of 10 chicks 
per cage were assigned to each treatment.  Chicks were inoculated with 1 mL of water containing 
0 or 6.3 × 10
5
 sporulated E. acervulina oocysts at 15 d and euthanized for collection of blood and 
ileal digesta at 21 d. From 2 to 15 d, body weight gain and G:F of chicks was improved (P < 
0.05) with increasing AA density, and an AA density × copper interaction was observed (P < 
0.05) for feed intake.  Eimeria infection elicited clear reductions (P < 0.05) in plasma 
carotenoids, growth performance, AMEn, and AID of organic matter and nitrogen. There were no 
interactive effects of dietary treatment with E. acervulina infection on growth performance or 
dietary AMEn for chicks during the post-inoculation period. However, various interactions 
among AA density, copper supplementation, and infection status were observed (P < 0.05) for 
AID of AA.  For many AA, copper supplementation increased AID for chicks fed LAA, but 
decreased AID for chicks fed HAA.  In summary, E. acervulina-induced reductions in nutrient 
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digestibility were dependent on dietary copper and AA status, but these changes in digestibility 
had minimal impact on growth performance of chicks during the E. acervulina infection period. 
Introduction 
Coccidiosis is caused by parasitic intestinal infections in poultry by protozoan species of 
genus Eimeria and poses a substantial financial burden for poultry producers (Williams, 1999).  
Coccidiosis results in anorexia and damage to the morphology and function of the intestinal 
epithelium that adversely impact nutrient utilization and growth performance in broilers  (Joyner 
et al., 1975; Allen, 1987).  Coccidiosis has traditionally been managed with the use of 
anticoccidial drugs, but legislation and consumer concern regarding routine inclusion of 
antimicrobials in livestock feeds has decreased the use of these compounds (Blake and Tomley, 
2014).  Consequently, along with vaccination, nutritional strategies to aid in the management of 
coccidiosis are currently of great interest to poultry producers. 
Copper is an essential nutrient in poultry diets due to its function as a cofactor in various 
biochemical processes including cellular respiration, free radical scavenging, iron metabolism, 
and collagen synthesis (Leeson, 2009). Furthermore, supplementing dietary copper above the 
nutritional requirement up to 250 mg/kg can have growth-promoting effects for poultry, which 
are likely related to the antibacterial activity of copper (Pesti and Bakalli, 1996; Arias and 
Koutsos, 2006; Pang et al., 2009).  Furthermore, in weanling pigs, dietary copper included at 250 
mg/kg improved fat digestibility and nitrogen retention, but not nitrogen digestibility (Luo and 
Dove, 1996).  In broilers, supplemental dietary copper has been demonstrated to improve 
intestinal morphology and stimulate secretion of digestive enzymes (Xia et al., 2004; Arias and 
Koutsos, 2006), but studies to evaluate the effects of dietary copper on nutrient digestibility per 
se in broilers are limited.  Commonly used inorganic sources of copper include copper sulfate 
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(CuSO4·5H20) and tribasic copper chloride (TBCC; Cu2(OH)3Cl).  Both sources have been 
reported to be similar in bioavailability for poultry, and due to its insolubility in water, TBCC 
may minimize copper-induced oxidative damage of nutrients within poultry feeds during storage 
(Miles et al., 1998). 
Dietary protein level and coccidiosis severity are inextricably linked, as Eimeria parasites 
require interaction with digestive proteases, particularly trypsin, for replication within the host 
(Britton et al., 1964; Mathis et al., 1995).  Thus, reducing protein content of the diet may 
ameliorate the severity of coccidiosis by lowering the secretion of trypsin into the lumen.  On the 
other hand, decreasing dietary amino acid (AA) density limits the capacity of birds to achieve 
compensatory gain following an Eimeria challenge (Sharma et al., 1973; Lehman et al., 2009).  
Therefore, identifying compounds that improve AA digestibility would be particularly beneficial 
for Eimeria-challenged broilers fed diets with a reduced AA density.  The current experiment 
was conducted to investigate the effects of E. acervulina infection, supplementation with copper 
from TBCC, and AA density on growth performance, apparent metabolizable energy and 
apparent ileal digestibility (AID) of organic matter, nitrogen, and AA for broiler chickens.  
Plasma carotenoids were also assessed as an indicator of E. acervulina infection severity. 
Materials and Methods 
All animal care and experimental procedures were approved by the University of Illinois 
Institutional Animal Care and Use Committee before initiation of the experiment. 
Bird Husbandry and Dietary Treatments 
 Four hundred and eighty male Ross × Ross 308 broilers were used in an experiment with 
8 experimental treatments in a factorial arrangement of 2 dietary AA densities, 2 levels of dietary 
copper supplementation, and 2 E. acervulina infection states.  Chicks were obtained from a 
commercial hatchery at 2 d post-hatch and individually weighed, wing-banded, and allotted to 8 
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experimental groups equal in initial body weight.  Chicks were housed in thermostatically-
controlled batteries with raised wire floors in an environmentally-controlled room with 
continuous lighting and provided free access to water and experimental diets.  Each treatment 
group was represented by 6 replicate cages with 10 birds per cage.  Experimental diets were fed 
to chicks from placement to 21 d post-hatch and bird and feeder weights were recorded at 2, 15, 
and 21 d post-hatch for calculation of body weight gain, feed intake, and feed efficiency.  Diets 
were formulated to contain 1.00% (LAA) or 1.20% (HAA) digestible lysine and 0 or 116 mg/kg 
of supplemental copper from TBCC (IntelliBond C, Micronutrients, Indianapolis, IN) (Table 
4.1).  Essential AA ratios relative to digestible lysine were designed to be similar in both the 
LAA and HAA diets and meet or exceed breeder recommendations (Aviagen, 2014).  All diets 
inherently contained 5 mg/kg copper from copper sulfate supplied by the mineral premix, and 
TBCC was added in place of silica sand as a supplemental source of copper.  Dietary copper 
analysis conducted by the University of Missouri Agricultural Experiment Station Chemical 
Laboratory (method 968.08, AOAC International 2006) confirmed target copper 
supplementation (Table 4.2). 
Eimeria acervulina Challenge 
 A strain of E. acervulina initially obtained from the USDA Animal Parasitic Diseases 
Laboratory, Beltsville, MD (courtesy of Mark Jenkins) was maintained in our laboratory by 
periodic (i.e., every 3 to 5 mo) propagation  in 3 wk-old chicks.  Oocysts were isolated from 
excreta and allowed to sporulate in 2.0% K2Cr2O7 at 28°C under forced aeration before storage at 
4°C.  Immediately before inoculation, sporulated E. acervulina oocysts were washed free of 
K2Cr2O7 and diluted with distilled water.  At 15 d post-hatch, chicks were weighed and orally-
inoculated with 1 mL of distilled water containing 0 (sham-inoculation) or 
 
6.33 × 10
5
 sporulated 
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E. acervulina oocysts using a 1 mL syringe.  Infection was confirmed by oocyst counts of 
excreta samples collected at 21 d post-hatch according to the procedures of Holdsworth et al. 
(2004).  No oocysts were detected in the excreta of uninfected chicks, whereas oocysts were 
found in all excreta samples collected from E. acervulina-inoculated chicks (data not shown). 
Plasma Collection and Analyses 
Birds were euthanized at 21 d post-hatch (6 d post-inoculation) by CO2 inhalation and 
immediately dissected for blood and digesta collection.  Two birds closest to the median group 
weight for each cage were selected, and blood was collected via cardiac puncture into tubes 
containing EDTA.  Tubes were placed on ice, centrifuged for 20 min at 1,250 × g and 4°C to 
separate plasma, and plasma from individual birds was pooled within cage and stored at -80°C 
until analysis.  Plasma carotenoid concentrations were determined by spectrophotometry as 
previously described by Allen (1987).  All blood processing and carotenoid analyses were 
conducted under yellow light. 
Determination of Apparent Metabolizable Energy and Ileal Nutrient Digestibility 
Ileal sections approximately 5 to 35 cm proximal to the ileo-cecal junction were excised 
from each bird and contents were gently flushed with distilled, deionized water and pooled 
within cage.  Excreta samples from d 19 to 21 were collected from pans under each cage and 
care was taken to minimize contamination with feed and feathers.  Digesta and excreta samples 
were frozen, lyophilized, and ground using an electric coffee grinder.  Diet, digesta, and excreta 
were analyzed for dry matter, organic matter (OM), gross energy (GE), and nitrogen content.  
Gross energy was determined using an adiabatic bomb calorimeter (Parr 6200, Parr Instruments, 
Moline, IL) standardized with benzoic acid.  Nitrogen was determined using a Leco analyzer 
(TruMac N, Leco Corp., St. Joseph, MO) standardized with EDTA (method 990.03, AOAC 
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International 2006).  Amino acid concentrations of the diet and digesta were analyzed by the 
University of Missouri Agricultural Experiment Station Chemical Laboratory [method 982.30 E 
(a,b,c), AOAC International 2006].  Titanium dioxide was used as an indigestible marker, and 
diet, digesta, and excreta TiO2 concentrations were determined according to the procedures of 
Short et al. (1996).  Apparent ileal digestibility of organic matter, nitrogen, and AA was 
calculated using the following equation:  
AID, % =  
          {[(nutrient/TiO2)diet – (nutrient/TiO2)digesta]/(nutrient/TiO2)diet} × 100. 
where (nutrient/TiO2) = ratio of OM, nitrogen, or AA to TiO2 in the diet or ileal digesta. 
Apparent metabolizable energy values were calculated and corrected for nitrogen retention by a 
factor of 8.22 kcal/g of nitrogen (Hill and Anderson, 1958) using the formula: 
AME, kcal/kg =  
GEdiet – [GEexcreta × (TiO2diet/ TiO2excreta)] – {8.22 × [Ndiet – (Nexcreta × (TiO2diet/ TiO2excreta))]} 
where GE, TiO2 and N = concentrations (%, DM) of gross energy, TiO2, and nitrogen, 
respectively, of diets or excreta. 
Statistical Analysis 
 Eight experimental treatments were designed as a factorial arrangement of 2 AA 
densities, 2 levels of copper supplementation, and 2 E. acervulina infection states.  Cage served 
as the experimental unit for all outcomes, and 6 replicate cages of each of the 8 treatments were 
grouped in a completely randomized design.  Data are presented as least squares means of 
treatment groups.  All data were analyzed by 3-way ANOVA using the MIXED procedure of 
SAS 9.3 (SAS Institute, Cary, NC) according to the statistical model: 
Yijkl = μ + αi + βj + αβij + γk + αγik + βγjk + αβγijk + εijkl 
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where μ = the general mean, αi = the fixed effect of AA density, βj = the fixed effect of copper 
supplementation, αβij = the interaction between AA density and copper supplementation, γk = the 
fixed effect of E. acervulina infection status, αγik = the interaction between AA density and E. 
acervulina infection status, βγjk = the interaction between copper supplementation and E. 
acervulina infection status, αβγijk = the 3-way interaction among AA density, copper 
supplementation, and E. acervulina infection status, and εijkl = experimental error.  For the pre-
inoculation period (2 to 15 d), a separate 2-way ANOVA that did not include the effect of E. 
acervulina infection status was used to evaluate the effects AA density, copper supplementation, 
and their interaction on growth performance of chicks before E. acervulina infection.  Statistical 
significance was considered when P < 0.05. 
Results and Discussion 
During the pre-inoculation period of 2 to 15 d post-hatch, an interaction (P < 0.05) 
between dietary AA density and copper supplementation was observed for feed intake, whereby 
copper supplementation increased feed intake of chicks fed LAA but not of chicks fed HAA 
(Table 4.3).  This increased feed intake was accompanied by an 8% improvement in body weight 
gain with copper supplementation for chicks fed LAA that was not observed for chicks fed HAA, 
causing the AA density × copper supplementation interaction to approach statistical significance 
(P = 0.06)  for body weight gain.  Body weight gain and feed efficiency were improved (P < 
0.05) by 10 and 6%, respectively, for birds fed HAA relative to birds fed LAA during the pre-
inoculation period. 
During the post-inoculation period of 15 to 21 d post-hatch, E. acervulina challenge 
reduced (P < 0.05) body weight gain, feed intake, and feed efficiency of infected chicks by 25, 
14, and 12%, respectively, compared with uninfected chicks.  There were minimal dietary effects 
on growth performance during this 6 d post-inoculation period, with the exception of a 5% 
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improvement (P < 0.05) in feed efficiency for chicks fed HAA over those fed LAA.  Overall (2 
to 21 d), E. acervulina infection reduced (P < 0.05) body weight gain, feed intake, and feed 
efficiency by 13, 7, and 7%, respectively.  Chicks fed HAA had improved body weight gain and 
feed efficiency compared with chicks fed LAA during the overall period, independent of 
infection status or copper supplementation, as indicated by the main effect (P < 0.05) of AA 
density. 
The positive responses in growth and feed efficiency of broilers to increased AA density 
observed in the current study agree with previous reports for healthy (Kidd et al., 2004; Corzo et 
al., 2005) and Eimeria-challenged or vaccinated broilers (Lehman et al., 2009; Lee et al., 2011).  
It is important to note that birds in the current study were raised on raised wire floors, and the 
microbial challenge was likely low relative to that experienced by broilers raised on litter.  
Coccidiosis is a predisposing factor to necrotic enteritis, which is typically caused by concurrent 
infection by E. maxima and Colistridium perfringens (Williams, 2005), and undigested protein 
can support intestinal proliferation of C. perfringens (Wilkie et al., 2005).  Thus, under 
conditions where enteric microbial challenge is high and multiple Eimeria species are present, 
the effect of dietary AA density on growth performance of broilers may differ from that observed 
in the conditions herein where chicks were challenged with E. acervulina alone.   
Likewise, the effects of copper on growth and intestinal responses of broilers have been 
demonstrated to vary by microbial environment (Arias and Koutsos, 2006).  This may partly 
explain the discrepancy in performance responses to copper in previous research.  Miles et al. 
(1998) and Pang and Applegate (2007) reported no effects of copper from various sources added 
at 150 or 250 mg/kg, respectively, on growth performance of chicks housed in battery cages up 
to 21 d of age.  However, Pesti and Bakalli (1996) did observe positive responses in body weight 
 82 
 
gain and feed conversion from 1 to 42 d post-hatch for birds fed 250 mg/kg added copper from 
copper sulfate and housed in battery cages.  Numerous reports of positive growth responses to 
supplemental copper have been noted for broilers raised in floor pens and fed concentrations 
ranging from 125 to 250 mg/kg (Pesti and Bakalli, 1996; Ewing et al., 1997; Arias and Koutsos, 
2006; Wang et al., 2014).  Regarding Eimeria infection models, Southern and Baker (1982) 
demonstrated that coccidiosis exacerbated liver copper accumulation for chicks fed 250 or 500 
mg/kg of added copper from copper sulfate, but not for chicks fed 100 mg/kg.  Thus, a moderate 
level of 116 mg/kg added copper, provided by 200 mg/kg TBCC, was chosen for the current 
experiment. 
 Plasma carotenoid concentrations serve as an indirect but sensitive indicator of Eimeria 
infection severity in chickens (Conway et al., 1993; Holdsworth et al., 2004).  In the current 
study, interactive effects (P < 0.01) between AA density and infection status on plasma 
carotenoids were observed (Figure 1).  Diets used in this experiment were not supplemented with 
carotenoids, and as such, carotenoid content was dependent upon dietary corn concentration.  
Amino acid density was increased primarily by replacing soybean meal with corn, resulting in 
corn concentrations of 57.43 and 49.88% for the LAA and HAA diets, respectively.  Therefore, 
the higher corn concentration likely contributed to the higher plasma carotenoids for uninfected 
bids fed the LAA diet over those fed the HAA diet.  Infection with E. acervulina reduced plasma 
carotenoids to similar levels for all dietary groups, including the HA and LAA groups, resulting 
and interaction between AA density and infection status.  It appears that the large reduction in 
plasma carotenoids for infected birds overwhelmed any effect of diet on this measurement. 
 In the current study, AMEn values of chicks were reduced (P < 0.05) by 705 kcal/kg with 
E. acervulina infection, with no influence of dietary copper or AA density on AMEn values 
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(Table 4.4).  Persia et al. (2006) similarly observed a reduction in AMEn of 644 kcal/kg in chicks 
infected with 5 × 10
5
 E. acervulina oocysts.  Additionally, Amerah and Ravindran (2015) 
observed a 669 kcal/kg reduction in ileal digestible energy when broilers were subjected to a 
mixed coccidial challenge (1.8 × 10
5
, 6 × 10
3
, and 1.8 × 10
4
 sporulated E. acervulina, E. maxima, 
and E. tenella oocysts, respectively), which was accompanied by a reduction in fat digestibility 
from 86 to 26%.  Adams et al. (1996a) likewise determined that dietary fat digestibility 
decreased from 86% in control chicks to 22% in E. acervulina-infected chicks.  Fat digestibility 
was not determined in the current study, but plasma carotenoids, which are absorbed in 
conjunction with fatty acids as components of mixed micelles (Yonekura and Nagao, 2007), are 
likely associated with lipid utilization. 
Nutrient malabsorption during coccidiosis is largely attributed to intestinal lesions and 
inflammation, villi atrophy, and impaired activity of digestive enzymes at the site of infection 
(Joyner et al., 1975; Ruff et al., 1976; Adams et al., 1996b).  Parasitism by E. acervulina occurs 
within the duodenum and upper jejunum (Tyzzer, 1929), which are quantitatively critical regions 
of digestion and absorption of nutrients within the small intestine (Scanes and Koziec, 2014).  As 
expected, E. acervulina adversely impacted (P < 0.05) AID of organic matter and nitrogen in the 
current study (Table 4.4).  Furthermore, a copper supplementation × infection status interaction 
was observed for AID of organic matter, which was largely driven by the marked reduction in 
digestibility for infected chicks fed the copper-supplemented-HAA diet.  For AID of nitrogen, an 
interaction (P < 0.05) between AA density and copper supplementation was observed, 
independent of infection status, whereby copper supplementation increased AID of nitrogen for 
LAA-fed chicks but decreased or had no effect AID of nitrogen for HAA-fed chicks. 
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The response in AID of AA to E. acervulina infection and dietary treatments in the 
current study varied considerably among AA (Table 4.5).  Infection with E. acervulina reduced 
(P < 0.05) AID of all AA, except Trp, by an average of 7.7 percentage units. The greatest 
reductions were observed for Cys (14.7 percentage units), Ala (9.2 percentage units), Val (8.8 
percentage units), Ile (8.4 percentage units), Leu (8.4 percentage units), and Thr (8.3 percentage 
units).   The relative ranking in the reduction of these AA agrees well with previous work in our 
laboratory using a similar infection model (Rochell et al., 2015).  In addition to the 
aforementioned causes of malabsorption during coccidiosis, absorption of certain AA may be 
deliberately reduced by the host during coccidiosis through a molecular response (i.e., lower 
transporter expression) to increase epithelial cell death, which would limit the amount of cells 
susceptible to invasion by Eimeria and promote survival and recovery from infection (Fetterer et 
al., 2014).  Furthermore, coccidiosis likely increases the amount of endogenous AA derived from 
plasma proteins, mucin, and sloughed intestinal cells that reach the terminal ileum (Fernando and 
McCraw, 1973; Joyner et al., 1975; Collier et al., 2008; Adedokun et al., 2012).  Thus, AID 
values reported herein were likely impacted by coccidiosis-induced endogenous AA flow. 
For several AA, the impact of infection on AID was dependent on dietary status of the 
birds.  Accordingly, E. acervulina infection interacted (P < 0.05) with AA density for AID of 
His, Ile, Met, and Cys. Average AID values for these AA were 1.1 percentage units lower for 
HAA-fed chicks than for LAA-fed chicks in the uninfected group, but 3.7 percentage units lower 
for HAA-fed chicks than for LAA-fed chicks in the E. acervulina group.  This may have been 
due to the aforementioned positive correlation between dietary protein content and Eimeria 
pathogenicity.  Additionally, interactive effects (P < 0.05) of infection status and copper 
supplementation were observed for Arg, Gly, Cys, and Pro.   
 85 
 
Independent of E. acervulina infection, the most common response in AID of AA was an 
interaction (P < 0.05)  between AA density and copper supplementation, which was noted for 
Leu, Lys, Phe, Thr, Val, Ala, Asp, Glu, Ser, and Tyr.  Addition of copper increased AID of these 
AA by an average of 1.8 percentage units for chicks fed LAA, but decreased AID by an average 
of 1.8 percentage units for chicks fed HAA. It is not clear as to why the effect of copper 
supplementation on AID of nitrogen and AA varied with dietary AA density, and previous 
research has shown that live performance responses to copper were independent of dietary AA 
density (Wang et al., 2014).  In pigs, AID of AA increases with dietary AA level and then 
plateaus once the dietary threshold for a given AA is met (Fan et al., 1994). Similar responses 
were noted in adult roosters, with a plateau in apparent AA digestibility reached at 15 or 20% 
dietary crude protein and no change or a slight decrease in digestibility for roosters fed 25% 
dietary crude protein (Angkanaporn et al., 1997).  These authors concluded that the quadratic 
effect of protein content on AA digestibility likely reflects changes in the relative proportion of 
endogenous AA to the undigested fraction, or a decrease in efficiency of digestion and 
absorption of end products.  Therefore, it is possible that dietary inclusion of copper may have 
differentially impacted these processes for broilers fed the LAA and HAA diets, leading to the 
observed interactions between copper and AA density on AID of AA.  Additionally, the 
improved feed intake of copper-supplemented chicks fed LAA during the pre-inoculation period 
may have stimulated early development and subsequently improved intestinal function for birds 
in this dietary group.  However, these potential explanations cannot be confirmed in the current 
study, and future work investigating the impact of dietary copper on nutrient digestibility is 
warranted. 
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Cysteine is the only AA for which all 2-way interactions among copper supplementation, 
AA density, and E. acervulina infection were noted (P < 0.05).  In general, AID of Cys was 
lower in HAA-fed chicks relative to LAA-fed chicks and was also reduced with copper 
supplementation, and both of these effects were greater in magnitude for E.acervulina-infected 
than for uninfected chicks.  Consequently, AID of Cys was reduced from 72.3% in uninfected 
chicks fed LAA diets without copper supplementation to 44.1% in E. acervulina-infected chicks 
fed HAA diets supplemented with copper.  This may have been due to direct interaction of Cys 
and copper.  Cysteine was determined to be the most efficacious in ameliorating copper toxicity 
in chicks when compared with cystine, DL-methionine, and DL-hydroxy-methionine, and it was 
proposed that 2 mol of cysteine can bind 1 mole of Cu
2+
 (Baker and Czarnecki-Maulden, 1987).  
Furthermore, Eimeria infection reduces intestinal pH in chicks (Ruff et al., 1974), and a low pH 
may have favored formation of Cu-cysteine chelates within the lumen of the intestine. 
In conclusion, growth performance of broiler chicks responded positively to increased 
AA density before and during the acute-phase of E. acervulina infection.  Supplemental copper 
had minimal influence on growth performance of chicks throughout the experiment, except for 
an improvement in feed intake of chicks fed LAA during the pre-inoculation period.  Infection of 
chicks with E. acervulina adversely impacted growth performance, AMEn, and AID of organic 
matter, nitrogen, and AA.  Independently of E. acervulina infection, copper supplementation 
tended to increase AID of several AA for chicks fed LAA, but tended to decrease AID of several 
AA in chicks fed HAA.  Although the current study sought to evaluate nutrient digestibility 
during the peak of infection, future work should address the subsequent recovery-phase, as 
changes in digestibility may have a more profound impact on growth performance for birds 
during periods of compensatory gain. 
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Tables and Figures
Table 4.1.  Ingredient and calculated nutrient composition (as-fed basis) of experimental diets 
fed to broilers from 2 to 21 d of age 
 Low amino acid High amino acid 
  (Supplemental Cu, mg/kg)
1
  
Item 0 116 0 116 
Ingredient, %     
Corn 57.43 57.43 49.88 49.88 
Soybean meal 30.00 30.00 36.40 36.40 
Corn distiller’s dried grains with solubles 5.00 5.00 5.00 5.00 
Soybean oil 2.62 2.62 3.75 3.75 
Sodium chloride 0.40 0.40 0.40 0.40 
Calcium carbonate 1.20 1.20 1.18 1.18 
Dicalcium phosphate 2.00 2.00 1.95 1.95 
Vitamin premix
2
 0.20 0.20 0.20 0.20 
Mineral premix
3
 0.15 0.15 0.15 0.15 
Choline chloride (60%) 0.32 0.32 0.32 0.32 
L-Lysine·HCl 0.10 0.10 0.10 0.10 
DL-Methionine 0.19 0.19 0.25 0.25 
L-Threonine 0.07 0.07 0.10 0.10 
Titanium dioxide 0.30 0.30 0.30 0.30 
Tribasic copper chloride 0.00 0.02 0.00 0.02 
Silica sand 0.02 0.00 0.02 0.00 
Calculated energy and nutrient composition     
AMEn
4
, kcal/kg 3,050 3,050 3,050 3,050 
CP, % 20.40 20.40 22.83 22.83 
SID
5
 Lys, % 1.04 1.04 1.20 1.20 
SID TSAA, % 0.78 0.78 0.89 0.89 
SID Thr, % 0.72 0.72 0.83 0.83 
SID Val, % 0.85 0.85 0.94 0.94 
SID Ile, % 0.77 0.77 0.87 0.87 
Ca, % 1.01 1.01 1.01 1.01 
Available P, % 0.51 0.51 0.51 0.51 
1
Supplemental copper was provided by 200 mg/kg tribasic copper chloride (58% Cu; 
Micronutrients, Indianapolis, IN). 
2
Provided per kilogram of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 μg; dl-α-
tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; d-Ca-pantothenate, 10 mg; 
niacin, 22 mg; and menadione sodium bisulfite complex, 2.33 mg. 
3
Provided per kilogram of complete diet: Mn, 75 mg from MnO; Fe, 75 mg from FeSO4·7H2O; 
Zn, 75 mg from ZnO; Cu, 5 mg from CuSO4·5H2O; I, 0.75 mg from ethylene diamine 
dihydroiodide; and Se, 0.1 mg from Na2SeO3. 
4
AMEn = nitrogen-corrected apparent metabolizable energy 
5
SID = standardized ileal digestible
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Table 4.2.  Analyzed nutrient composition of experimental diets (as-fed basis)  
 Low amino acid High amino acid 
  (Supplemental Cu, mg/kg)
1
  
Item 0 116 0 116 
DM, % 90.59 90.73 91.08 91.02 
GE
2
, kcal/kg 4,028 3,975 4,097 4,098 
CP, % 20.11 20.26 23.10 23.12 
Lys, % 1.19 1.15 1.30 1.26 
TSAA,% 0.80 0.74 0.78 0.80 
Thr, % 0.86 0.83 0.93 0.93 
Val, % 0.97 0.92 1.02 1.03 
Ile, % 0.88 0.84 0.93 0.94 
Cu, mg/kg 11 121 14 117 
1
Supplemental copper was provided by 200 mg/kg tribasic copper chloride (58% Cu; 
Micronutrients, Indianapolis, IN). 
2
GE = Gross energy
 
 
 
  
 
9
3 
Table 4.3. Effects of dietary amino acid density, Cu supplementation, and E. acervulina infection at 15 d on body weight gain 
(g/bird), feed intake (g/bird), and feed efficiency (G:F, g/kg) of broiler chicks from 2 to 21 d post-hatch
1
 
 
Uninfected E. acervulina  
 Low amino acid High amino acid Low amino acid High amino acid  
  (Supplemental Cu, mg/kg)
2
  
Item 0 116 0 116 0 116 0 116 SEM 
2 to 15 d
3
          
n 12 12 12 12 ̶ ̶ ̶ ̶  
BW gain
4
 221 239 256 252 ̶ ̶ ̶ ̶ 6.1 
Feed intake
5
 313 334 340 336 ̶ ̶ ̶ ̶ 6.2 
G:F
4
 704 714 752 749 ̶ ̶ ̶ ̶ 8.7 
15 to 21 d          
n 6 6 6 6 6 6 6 6  
BW gain
6
 269 282 286 307 213 211 218 214 10.4 
Feed intake
6
 367 382 371 387 326 321 328 314 13.1 
G:F
4,6
 732 737 770 792 652 658 664 680 12.1 
2 to 21 d          
n 6 6 6 6 6 6 6 6  
BW gain
4,6
 470 516 536 561 436 445 473 455 17.9 
Feed intake
6
 659 715 708 723 649 652 668 645 20.4 
G:F
4,6
 713 722 757 775 672 682 706 705 8.3 
1
Values represent least squares means of 12 or 6 replicate cages containing 10 birds per cage. 
2
Supplemental copper was provided by 200 mg/kg tribasic copper chloride (58% Cu; Micronutrients, Indianapolis, IN).
 
3
A separate ANOVA that did not include the effect of infection status in the statistical model was used to evaluate the effects of AA 
density, copper supplementation, and their interaction during the pre-inoculation period of 2 to 15 d post-hatch.
 
4
Main effect of amino acid density (P < 0.05).
 
5
Interaction of amino acid density and Cu supplementation (P < 0.05).
 
6
Main effect of infection (P < 0.05).
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Table 4.4. Effects of dietary amino acid density, Cu supplementation, and E. acervulina infection at 15 d on nitrogen-corrected 
apparent metabolizable energy (AMEN, kcal/kg) and apparent ileal digestibility (%) of organic matter and nitrogen in broiler chicks at 
21 d post-hatch
1
 
 
Uninfected E. acervulina  
 Low amino acid High amino acid Low amino acid High amino acid  
 (Supplemental Cu, mg/kg)
2
  
Item 0 116 0 116 0 116 0 116 SEM 
AMEn
3
 2,998 3,002 3,287 3,226 2,478 2,368 2,517 2,332 126 
OM digestibility
4
 70.8 74.5 71.5 71.8 67.4 67.0 67.0 61.7 1.47 
N digestibility
3,5
  79.3 83.1 81.4 81.7 73.3 75.2 76.0 72.8 1.15 
1
Values represent least squares means of 6 replicate cages containing 10 birds per cage. 
2
Supplemental copper was provided by 200 mg/kg tribasic copper chloride (58% Cu; Micronutrients, Indianapolis, IN).
 
3
Main effect of infection (P < 0.05).
 
4
Interaction of Cu supplementation and infection status (P < 0.05).
 
5
Interaction of amino acid density and Cu supplementation (P < 0.05).
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5 
Table 4.5. Effects of dietary amino acid density, Cu supplementation, and E. acervulina infection at 15 d on apparent ileal digestibility (%) of 
amino acids in broiler chicks at 21 d post-hatch
1
 
 
Uninfected E. acervulina  
 Low amino acid High amino acid Low amino acid High amino acid  
 ( Supplemental Cu, mg/kg)
2
   
Amino acid  0 116 0 116 0 116 0 116 SEM 
Indispensable          
Arg
3,4
 89.5 90.8 89.4 89.4 85.3 85.8 85.2 82.4 0.50 
His
3,5
 85.5 86.5 85.8 84.9 80.7 81.3 80.3 77.3 0.58 
Ile
3,5
 83.4 85.2 83.9 83.7 76.1 77.7 75.8 72.9 0.79 
Leu
3,6
 85.4 87.2 85.4 85.2 77.9 79.9 77.6 74.3 0.80 
Lys
3,6
 86.7 88.3 87.3 86.5 81.2 82.8 81.4 78.4 0.63 
Met
5
 92.6 92.9 92.3 92.5 87.4 88.0 86.2 85.4 0.51 
Phe
3,6
 85.1 87.3 85.2 85.4 78.2 80.0 77.7 75.1 0.85 
Thr
3,6
 77.0 79.8 79.1 77.9 70.1 71.9 71.7 67.1 0.79 
Trp
3
 87.1 89.5 89.3 89.7 87.7 90.1 89.6 89.4 0.51 
Val
3,6
 82.0 84.0 82.6 82.5 74.4 76.0 74.4 71.1 0.83 
Dispensable          
Ala
3,6
 84.1 86.0 84.3 83.9 75.8 78.1 75.3 72.2 0.85 
Asp
3,6
 81.1 82.9 81.5 80.8 74.9 76.0 74.4 71.3 0.77 
Cys
3,4,5
 72.3 70.5 71.1 65.9 63.0 55.7 58.2 44.1 1.44 
Glu
3,6
 88.2 89.4 88.1 87.7 82.6 83.2 81.8 79.2 0.59 
Gly
3,4
 78.0 80.0 78.7 77.9 72.5 73.4 72.6 68.2 0.81 
Pro
3,4
 83.1 84.7 83.2 82.5 76.8 77.7 76.8 72.6 0.66 
Ser
3,6
 80.6 83.0 81.5 81.0 73.9 75.5 74.5 70.9 0.75 
Tyr
3,6
 84.6 86.6 85.0 84.8 79.0 80.5 79.0 76.2 0.69 
1
Values represent least squares means of 6 replicate cages containing 10 birds per cage.   
2
Supplemental copper was provided by 200 mg/kg tribasic copper chloride (58% Cu; Micronutrients, Indianapolis, IN).
 
3
Interaction of amino acid density and Cu supplementation (P < 0.05).
 
4
Interaction of Cu supplementation and infection status (P < 0.05).
 
5
Interaction of amino acid density and infection status (P < 0.05).
 
6
Main effect of infection status (P < 0.05).
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Figure 4.1. Effects of dietary amino acid (AA) density, Cu supplementation, and E. acervulina 
infection at 15 d on plasma carotenoids of broiler chicks at 21 d post-hatch.  Supplemental 
copper was provided by 200 mg/kg tribasic copper chloride (58% Cu; Micronutrients, 
Indianapolis, IN).  Values represent least squares means of pooled plasma samples (2 birds/cage) 
from 6 replicate cages and error bars reflect SEM.  Interactive effects (P < 0.01) between amino 
acid density and infection status on plasma carotenoids were observed. 
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CHAPTER 5: INFLUENCE OF DIETARY AMINO ACID REDUCTIONS AND 
EIMERIA ACERVULINA INFECTION ON GROWTH PERFORMANCE AND 
INTESTINAL CYTOKINES RESPONSES OF BROILERS FED LOW CRUDE 
PROTEIN DIETS 
Abstract: Two experiments were conducted to evaluate the influence of an Eimeria acervulina 
infection on growth performance, plasma carotenoids, and intestinal cytokine responses of 
broilers fed low crude protein (LCP) diets with reduced concentrations of select amino acids 
(AA).  Experiment 1 was conducted to validate a dietary formulation approach in which broilers 
were fed 1 of 5 diets including a 19.0% CP corn-soybean meal-based (CSBM) diet, a LCP 
control diet (16.7% CP) that matched the AA profile of the CSBM diet, and 3 LCP diets with 
30% reductions in standardized ileal digestible concentrations of TSAA, Lys, or Thr from 14 to 
23 d post-hatch.  Body WG and G:F were greatest (P < 0.05) and similar for broilers fed the 
CSBM and LCP control diets, whereas reductions in Thr, TSAA, and Lys each decreased (P < 
0.05) G:F of broilers.  In Experiment 2, birds were allotted to 18 treatment groups in a factorial 
arrangement of 9 dietary treatments × 2 infection states.  Dietary treatments included a LCP 
control diet similar to that fed in Experiment 1 and 8 LCP diets with 40% individual reductions 
in TSAA, Lys, Thr, Val, Ile, Arg, Phe + Tyr, or Gly + Ser.  Broilers received experimental diets 
from 10 d to 28 d post-hatch and were inoculated with 0 or 4.0 × 10
5
 sporulated E. acervulina 
oocysts at 15 d. Each AA reduction, except Phe + Tyr, decreased (P < 0.05) growth performance 
of birds compared with birds fed the LCP control diet. Body WG and G:F were lowest (P < 0.05) 
for birds fed diets reduced in Lys or Val.  Eimeria acervulina decreased growth performance and 
plasma carotenoids of broilers, but effects varied among dietary treatment groups as indicated by 
diet × infection interactions (P < 0.05).  Dietary AA reductions did not alter (P > 0.05) the 
increase in intestinal gene expression of interferon-γ, interleukin-1β, or interleukin-10 observed 
in E. acervulina-infected birds at 21 or 28 d. 
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Introduction 
Widespread adoption of the ideal protein concept, along with the use of digestible amino 
acid (AA) values for feed ingredients and commercial availability of crystalline AA, has enabled 
nutritionists to formulate diets that are lower in crude protein and more closely match AA needs 
of broilers for maintenance and growth (Emmert and Baker, 1997).  In addition to lowering diet 
costs and reducing excretion of excess nitrogen into the environment, feeding low crude protein 
(LCP) diets may confer benefits to intestinal health for broilers by limiting the amount of 
unabsorbed AA in the intestine that can support proliferation of pathogenic bacteria such as 
Clostridium perfringens (Drew et al., 2004; Wilkie et al., 2005), which is particularly important 
as antimicrobial-free production practices are currently of great interest.  However, as dietary 
crude protein and excess AA levels are reduced, broilers become more vulnerable to AA 
limitation or imbalance arising from fluctuations in AA supply that can be caused by nutrient 
variability of feedstuffs, or from changes in AA utilization due to environmental conditions (e.g., 
stress or pathogen exposure). 
Coccidiosis is a prevalent enteric disease in poultry resulting from infection by protozoan 
parasites of genus Eimeria.  Infection with Eimeria acervulina, which is localized to the 
duodenum and jejunum, reduces AA availability for broilers as a result of anorexia and 
morphological and functional damage to the intestinal epithelium that impair AA digestion and 
absorption (Ruff et al., 1976; Witlock and Ruff, 1977; Allen, 1987).  Moreover, the extent of 
impaired digestibility caused by Eimeria infection varies among AA, influencing both the 
amount and balance of ingested AA that become available for use by the bird (Amerah and 
Ravindran, 2015; Rochell et al., 2015).  Increased mucogenesis and enterocyte turnover 
(Fernando and McCraw, 1973; Collier et al., 2008), as well as post-absorptive metabolic changes 
and immune system activation, likely influence AA needs of broilers during coccidiosis.  For 
 99 
 
example, plasma Arg concentration is decreased in a dose-dependent manner following Eimeria 
infection, possibly due to its use as a substrate for nitric oxide synthesis (Allen and Fetterer, 
2000; Rochell et al., 2015).  Previous reports have indicated that coccidiosis alone may not 
increase requirements of AA above the level needed for optimal growth (Willis and Baker, 
1981a; Kidd et al., 2003), but AA with the greatest potential to exacerbate an Eimeria infection 
when limiting in a LCP diet need to be identified.   
Potentially limiting AA in a diet can be determined by the AA deletion assay, whereby 
crystalline AA are sequentially excluded from a control diet formulated to meet ideal AA ratios 
(Fernandez et al., 1994).  Furthermore, equal dietary reductions of AA have been demonstrated 
to elicit varying responses in growth and immunological outcomes in chickens that depend on 
the select AA (Sugahara et al., 1968; Muramatsu et al., 1991; Konashi et al., 2000).  This points 
to a metabolic prioritization among AA that has not been well-characterized for modern broilers 
fed diets based on recently-established AA requirements.  It is likely that this prioritization will 
be influenced by the aforementioned changes in AA metabolism during an Eimeria infection, 
and 2 separate experiments were conducted to test this hypothesis.  The objective of Experiment 
1 was to validate a LCP diet that would adequately support broiler growth and allow flexibility to 
formulate large reductions in individual AA concentrations.  Experiment 2 was conducted to 
evaluate growth performance, plasma carotenoids as an indirect marker of infection severity, and 
intestinal cytokine expression of uninfected and E. acervulina-infected broilers fed the validated 
LCP diet with equal (40%) reductions in individual or pairs of metabolically-related AA. 
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Materials and Methods 
All animal care and experimental procedures were approved by the University of Illinois 
Institutional Animal Care and Use Committee before initiation of the experiment. 
General Bird Husbandry 
 In 2 separate experiments, broiler chicks were obtained at hatch from a commercial 
hatchery and placed in thermostatically-controlled batteries with raised wire floors in an 
environmentally-controlled room with continuous lighting.  Birds were provided free access to 
water throughout each trial, and a 22% CP corn-soybean meal-based starter diet that met or 
exceeded nutrient recommendations published by the primary breeder (Ross, 2014) was provided 
until experimental diets were placed.  On the day of experimental diet placement, birds were 
individually weighed, wing-banded, and allotted such that all treatment groups were similar in 
average initial body weight.  Individual bird and feeder weights were recorded throughout each 
experiment for calculation of body weight gain (BWG), feed intake (FI), and gain:feed.  
Mortality was minimal (< 1%) and unaffected by treatment in both experiments, and BWG and 
gain:feed were adjusted to include weight gain of birds that died during the experiments. 
Experiment 1 
 Two hundred male Ross × Ross 308 broilers were assigned to 5 dietary treatments from 
14 to 23 d post-hatch, with 8 replicate cages of 5 birds per cage for each treatment.  Dietary 
treatments consisted of a corn-soybean meal-based (CSBM) grower diet, a LCP control diet that 
matched the AA profile of the CSBM diet, and 3 additional diets formulated to be 30% lower in 
standardized ileal digestible (SID) TSAA (LCP – TSAA), Lys (LCP – Lys), or Thr (LCP – 
Thr) concentration compared with the LCP control diet (Table 5.1).  The CSBM diet was 
formulated to meet or exceed primary breeder nutrient recommendations (Ross, 2014) and mimic 
the nutrient profile of LCP broiler grower diets fed in commercial practice.  The LCP control diet 
 101 
 
contained approximately 50% of the amount corn and soybean meal used in the CSBM diet and 
was supplemented with 18 different crystalline AA to match the SID AA profile of the CSBM 
diet.  Corn and soybean meal used in all diets were analyzed for AA content by the University of 
Missouri Agricultural Experiment Station Chemical Laboratory [method 982.30 E (a,b,c), 
AOAC International 2006], and SID values used in diet formulation were obtained from 
AMINODat 4.0 (Evonik Industries, Hanau, Germany).  For SID of AA not included in 
AMINODat 4.0 (Pro, Asp, and Ala), values were estimated from a compilation of published 
values.  Dextrose was used as a primary carbohydrate source in the LCP diet, and purified 
cellulose (Solka-Floc, International Ingredient Corp., North Tonawanda, NY) was used to 
balance the neutral detergent fiber content of the LCP and CSBM diets.  For LCP – TSAA, LCP 
– Lys, and LCP – Thr, target crystalline AA were replaced by dextrose to achieve a 30% 
reduction in the target AA compared with LCP.  Calculated dietary CP included nitrogen content 
from the supplemental AA and was allowed to vary among dietary treatments with reduced AA 
supplementation.  Metabolizable energy contribution of crystalline AA was accounted for in diet 
formulation based on values published by the NRC (1994).  All diets in Experiment 1 were 
formulated to be isocaloric and contain equal levels of calcium and non-phytate phosphorus.  
Dietary electrolyte balance, calculated as milliequivalents of Na
+ 
+ K
+  ̶  Cl- per kilogram of diet, 
was adjusted to be equal across all diets by varying the inclusion of potassium carbonate.  Body 
WG, FI, and G:F were evaluated from 14 to 23 d post-hatch. 
Experiment 2 
Six hundred forty-eight male Hubbard × Ross 708 broilers were assigned to 18 
experimental treatment groups, consisting of a factorial arrangement of 9 experimental diets × 2 
E. acervulina infection states (uninfected and infected).  Broiler strain differed from Experiment 
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1 due to chick availability.  Nine experimental diets consisted of a LCP control diet and 8 diets in 
which a single or pair of AA was reduced by 40% including Lys (LCP – Lys), Met + Cys (LCP 
– TSAA), Thr (LCP – Thr), Val (LCP – Val), Ile (LCP – Ile), Arg (LCP – Arg), Phe + Tyr 
(LCP – Phe + Tyr), and Gly + Ser (LCP – Gly + Ser) (Table 5.2). The LCP control diet was 
formulated to be similar to the LCP control diet fed in Experiment 1, except that it contained 
slightly more corn and soybean meal, and in turn, slightly lower concentrations of crystalline AA 
and dextrose.  Additionally, target AA specifications were slightly increased to account for the 
earlier age at which the birds received the experimental diets, but ratios of SID AA to Lys were 
the same in both experiments.  A 40% reduction in target AA was used in Experiment 2 as 
opposed to the 30% reduction used in Experiment 1 to increase the likelihood of significant bird 
responses to changes in AA concentration, particularly for AA which were less likely to be 
limiting in the diet.  Analyzed chemical composition was similar to calculated composition 
(Table 5.3). 
 Six replicate cages of 6 birds per cage were allotted to experimental diets at 10 d post-
hatch.  At 15 d post-hatch, broilers were weighed and orally-inoculated with 1 mL of distilled 
water containing 0 (sham-inoculated, uninfected group) or 4.0 × 10
5
 sporulated E. acervulina 
oocysts using a 1 mL syringe (infected group).  Oocysts were from stocks originally obtained 
from the USDA Animal Parasitic Diseases Laboratory, Beltsville, MD (courtesy of Dr. Mark 
Jenkins) and maintained in our laboratory as previously described (Rochell et al., 2015), and the 
dose of 4.0 × 10
5 
was selected based on a preliminary dose titration in attempt to elicit a 
moderate response to infection.   
At 21 and 28 d post-hatch, 2 birds closest to the median weight were selected from each 
cage and euthanized by CO2 asphyxiation for determination of plasma carotenoids and duodenal 
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cytokine gene expression.  Blood was collected via cardiac puncture into tubes containing 
EDTA, placed on ice, and centrifuged for 20 min at 1,250 × g and 4°C.  Plasma from 2 birds 
within a cage was pooled, aliquoted, and stored at -80°C pending analysis.  Blood processing and 
carotenoid analysis were conducted under yellow light, and plasma carotenoid concentrations 
were determined by spectrophotometry as previously described by (Allen, 1987).  Duodenal 
sections (~3 cm in length) were excised from the ascending loop of the duodenum, rinsed free of 
luminal contents with PBS, placed into cryogenic vials (VWR, Radnor, PA), snap-frozen in 
liquid nitrogen, and stored at -80°C pending analysis.  An approximately equal mass of frozen 
duodenal tissue from 2 birds within a cage was pooled into a single sample (50 to 100 mg tissue 
total) and placed into a 2 mL microcentrifuge tube containing a 5 mm steel bead.  One mL of 
TRIzol reagent (Invitrogen, Carlsbad, CA) was added and samples were homogenized by tissue 
disruption for 5 min at 30 Hz using a TissueLyser (Qiagen, Valencia, CA). Subsequent 
extraction of RNA was carried out according to manufacturer recommendations for TRIzol 
reagent, and extracted RNA was quantified using a spectrophotometer (NanoDrop ND-1000, 
Nano-Drop Technologies, Wilmington, DE).   
Quantitative real-time PCR was used to quantify relative gene expression of the pro-
inflammatory cytokines interferon-γ (IFN-γ) and interleukin -1β (IL-1β) and anti-inflammatory 
cytokine interleukin-10 (IL-10).  Extracted RNA was transcribed to complementary DNA 
(cDNA) using a high-capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster 
City, CA) in a thermocycler (Bio-Rad, Hercules, CA) with reaction conditions set to 25°C for 10 
min, 37°C for 120 min, 85°C for 5 min, and cooled and held at 4°C until cDNA samples were 
stored at −20°C.  Quantitative real-time PCR was performed using the TaqMan Gene Expression 
Assay (Applied Biosystems, Foster, CA).  Amplification was achieved by PCR where target 
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(IFN-γ, Y07922; IL-1β, Y15006; IL-10, AJ621254) and reference [glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), K01458; Hong et al., 2006] cDNA were amplified using TaqMan 
(Invitrogen, Carlsbad, CA) oligonucleotide probes with a 5′ fluorescent reporter dye (6-FAM) 
and a 3′ non-fluorescent quencher dye. Fluorescence was determined on an ABI PRISM 
7900HT-sequence detection system (Applied Biosystems, Forest City, CA). To normalize gene 
expression, parallel amplification of endogenous GAPDH was performed for each sample. 
Reactions with no reverse transcriptase and no template were included as negative controls. 
Relative gene expression was calculated using the comparative threshold cycle (Ct) method 
(Livak and Schmittgen, 2001) and results are expressed as fold-change relative to uninfected 
broilers fed the LCP control diet. 
Statistical Analysis 
In both experiments, a single cage served as the experimental unit and treatment groups 
were arranged in a randomized complete block design with initial BW as a blocking factor.  Data 
were subjected to ANOVA using the MIXED procedure of SAS 9.3 (SAS Institute, Cary, NC) 
and are presented as least squares means of treatment groups.  Statistically different treatment 
means were separated using a Tukey’s multiple comparison test.  There were 8 replicate cages 
for each of the 5 treatment groups in Experiment 1, and the statistical model included initial BW 
as a blocking factor and the fixed effect of diet.  For Experiment 2, data were analyzed as a 9 × 2 
factorial arrangement with 6 replicate cages for each of the 18 treatments.  The statistical model 
included initial BW as a blocking factor, the fixed effects of diet and infection status, and the diet 
× infection interaction.  Least squares means of dietary treatment groups within an infection 
group were separated by Tukey’s multiple comparison test, and single degree of freedom 
orthogonal contrasts between infected and uninfected birds were used to assess the impact of E. 
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acervulina infection on birds within a dietary treatment. Gene expression data for cytokines in 
Experiment 2 were log-transformed to achieve a normal distribution for statistical analysis, and 
data are presented as antilog of the geometric means and upper and lower 95% confidence 
bounds of the log-transformed data (Olivier et al., 2008).  Statistical significance was considered 
at P < 0.05 in all cases. 
Results 
Experiment 1 
 Broilers readily consumed the LCP control diet, and values of BWG and G:F were 
numerically highest for birds fed the this diet and statistically similar (P > 0.05) to those for birds 
fed the CSBM diet (Table 5.4).  Gain:feed, but not BWG, was reduced (P < 0.05) for birds fed 
the LCP – Thr diet compared with those fed the LCP control diet.  Dietary reduction of TSAA 
reduced (P < 0.05) BWG and G:F of birds relative to that of birds fed the LCP diet.  The lowest 
BWG and G:F were observed for birds fed the LCP – Lys diet.  There were no effects of dietary 
treatment on feed intake (P > 0.05), and therefore all effects on G:F were largely due to changes 
in BWG. 
Experiment 2 
Growth Performance 
 Variable responses in growth performance of birds to equal (40%) dietary AA reductions 
were observed during the pre-inoculation period of 10 to 15 d post-hatch (Table 5.5).  Relative to 
the LCP control diet, no effects on BWG, FI, or G:F were observed (P > 0.05) for birds fed diets 
reduced in Phe + Tyr, TSAA, or Gly + Ser.  Body weight gain and G:F of birds in all other 
dietary groups were lower than those of birds fed the LCP control diet.  The lowest (P < 0.05) 
BWG was observed for birds fed diets reduced in Val and Lys. 
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 From 15 to 21 d (peak infection period), the general statistical ranking of dietary 
treatments based on BWG of uninfected birds was similar to that observed during the pre-
inoculation period (Table 5.6).  Eimeria acervulina infection reduced BWG for broilers in all 
dietary groups by an average of 42%, with reductions ranging from 30% for birds fed LCP- Lys 
to 51% for birds fed LCP –TSAA, resulting in a diet × infection interaction on BWG (P < 0.05).  
A diet × infection interaction was also observed on FI, whereby FI was lowered (P < 0.05) by E. 
acervulina infection for birds in all dietary treatment groups except those fed LCP – Val (P > 
0.05).  Feed efficiency (G:F) was independently impacted by dietary treatment and infection 
status, with the lowest (P < 0.05) G:F observed for birds fed diets reduced in Lys and Val, and an 
average reduction of 25%  due to E. acervulina infection. 
 From 21 to 28 d (recovery period), the general numerical ranking of BWG for uninfected 
birds established in earlier periods was maintained, but in contrast to earlier periods, BWG for 
birds in all dietary treatments, except for those fed LCP – Phe+Tyr, was lower (P < 0.05) than 
that of birds fed the LCP control diet (Table 5.7).  Growth performance of E. acervulina infected 
birds was still generally lower than that of uninfected birds for most dietary groups.  However, 
diet × infection interactions (P < 0.05) were observed for BWG, FI, and G:F.  The interaction on 
BWG and FI occurred because these values were reduced by infection for most dietary groups 
during this period, with the exception of birds fed diets reduced in Arg, Lys, and Val, for which 
BWG and FI of infected and uninfected birds were similar.  Furthermore, G:F was only 
significantly reduced (P < 0.05) by E. acervulina infection for birds fed the LCP control, LCP – 
Thr, and LCP – Val diets during this period. 
 Among the uninfected group, each dietary AA reduction, except Phe + Tyr, led to lower 
overall (10 to 28 d) BWG gain (P < 0.05) of broilers compared with those fed the LCP control 
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diet (Table 5.8)  The lowest BWG was observed for birds fed diets reduced in Lys or Val.  
Eimeria acervulina infection differentially impacted BWG and G:F of birds depending on 
dietary treatment, as indicated by significant diet × infection interactions (P < 0.05), but 
differences in magnitude were not large enough to substantially alter the general ranking of 
dietary treatments between infection groups.  Independent effects of both dietary treatment (P < 
0.05) and infection status (P < 0.05) were observed on G:F, with an average reduction due to E. 
acervulina infection of 8% among dietary groups during the overall period. 
Plasma Carotenoids 
 Diet × infection interactions (P < 0.05) were observed on plasma carotenoids of birds at 
both 21 and 28 d post-hatch (Table 5.9).  At d 21, the interaction was due to the effects of dietary 
treatment on plasma carotenoids of uninfected birds, as E. acervulina infection decreased plasma 
carotenoids to similar, seemingly minimal, values for all dietary groups of infected birds.  By 28 
d, the impact of E. acervulina on plasma carotenoids was relatively less severe, but still 
significant (P < 0.05) for all birds except those fed the LCP – Val diet (P > 0.05). 
Cytokine Gene Expression 
 Eimeria acervulina infection increased (P < 0.05) duodenal messenger RNA expression 
of IFN-γ, IL-1β, and IL-10 in broilers at 21 d post-hatch (Figure 1).  At 28 d, expression of IFN-γ 
and IL-1β remained higher for infected birds than for uninfected birds, but IL-10 expression was 
not increased (P > 0.05) in infected birds at this time point.  No effects of AA reduction or diet × 
infection interactions were observed (P < 0.05) on gene expression of any cytokines at 21 or 28 d 
post-hatch. 
Discussion 
Previous research on the ability of AA-supplemented LCP diets to support equal growth 
performance of broilers fed higher CP diets has yielded inconsistent results, as extensively 
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reviewed by Aftab et al. (2006).  To our knowledge, similar performance with a reduction in CP 
from intact protein sources at the magnitude used in the current study has not yet been achieved.  
The 16.7% LCP diet used in Experiment 1 contained 9.8% CP from the CSBM mixture, with the 
remaining CP derived from nitrogen content of the supplemental AA, and was able to support 
growth performance of broilers equal to those fed the 19.0% CP CSBM diet (18.4% CP from 
CSBM).  Good bird performance attained with the LCP diet may have been attributable to 
several factors.  As suggested by Aletor et al. (2000), the ratio of corn to soybean meal for the 
LCP diet in the current study was maintained equal to that of the CSBM diet such that the 
balance of AA provided by intact protein sources remained unchanged between the 2 diets, and 
both the metabolizable energy and nitrogen content of the supplemental AA were accounted for 
in diet formulation.  Additionally, the ratio of nonessential AA to essential AA also has been 
recognized to influence the performance of birds fed LCP diets (Bedford and Summers, 1985).  
With the exception of Gln and Asn, all of the common proteinogenic AA were added to equalize 
AA concentrations of the CSBM and LCP control diets in the current research so that the ratio of 
nonessential to essential AA was the same in both diet types. 
In deletion assays used to determine the limiting order of AA for a select or combination 
of feed ingredients, dietary treatments are usually created by singly and totally excluding 
supplementation of the target AA such that its dietary supply is totally dependent on its 
concentration in the test ingredients (Fernandez et al., 1994; Wang et al., 1997).  In the current 
experiments, AA were reduced equally relative to their estimated requirements.  As a result, 
supplemental sources of the most limiting AA (i.e., TSAA, Lys, Thr) in the LCP diet were still 
present in appreciable concentrations (> 0.10%) in diets for which these AA were reduced.  
However, for Val, Ile, Arg, Phe + Tyr, and Gly + Ser, crystalline supplementation was ≤ 0.03% 
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when these AA were reduced, and dietary supply was almost completely a function of their basal 
levels provided by corn and soybean meal in the LCP diet.  This is important to note as these AA 
are among the next limiting AA in CSBM-based commercial broiler diets that routinely include 
supplemental Met, Lys, and Thr (Fernandez et al., 1994; Corzo et al., 2005, 2007; Ospina-Rojas 
et al., 2012). Consequently, these are the AA for which broilers would likely be most sensitive to 
changes in dietary availability or metabolic needs that may arise during an Eimeria infection. 
Valid interpretation of the current results relies heavily upon the assumptions that AA 
concentrations of the LCP control diet closely matched the actual requirement of the birds and 
that intended and consistent magnitudes of AA reductions were achieved across dietary 
treatments.  Based on the good performance of birds fed the LCP control diet, it is unlikely that 
any dietary AA concentrations were markedly lower than optimal requirements.  Moreover, the 
nature of the LCP diet formulated to ideal SID AA ratios should have prevented any gross 
excesses in dietary AA.  In Experiment 2, dietary reductions in analyzed total concentrations of 
target AA were within a relatively narrow range of 35 to 42% compared with the LCP control 
diet, with the exception of the LCP – Arg and LCP – Lys diets, for which target AA were only 
reduced by 29 and 28%, respectively.  These less than intended decreases were due to lower than 
expected analyzed values for Arg and Lys in the LCP control diet.  Nonetheless, the marked 
decreases in growth performance of birds fed the LCP – Arg and LCP – Lys diets indicated that 
these AA were indeed quite deficient and that sampling and analytical variability may have led 
to underestimation of the actual reduction in AA content between these 2 diets and the LCP 
control diet. 
Based on overall (10 to 28 d) growth performance of uninfected birds, losses in BWG 
elicited by AA reductions in the current study can be grouped from greatest to least as follows: 
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1) Val and Lys, 2) Thr, Arg, and Ile, and 3) Gly + Ser and TSAA.  Feed intake and G:F of 
broilers followed the same general pattern as BWG, although statistical separation of treatments 
varied somewhat among these outcomes.  Sugahara et al. (1968) reported that 40% reductions in 
dietary TSAA, Leu, Lys, and Arg resulted in BWG superior to that of broilers fed a diet with the 
same reductions of all essential AA, whereas equal reduction of Phe + Tyr, Trp, Ile, and Val led 
to inferior BWG of birds fed the diet in which all essential AA were reduced.  In that study, 
growth responses were almost entirely due to changes in FI and minimal effects on G:F were 
observed.  When individual AA were fed at 50% of requirements, Okumura and Mori (1979) 
observed that reductions in TSAA, Trp, His, Val, Arg, Thr, and Ile depressed BWG of chicks 
from 8 to 18 d relative to feeding an AA-sufficient control diet, but only Val, Arg, Thr, and Ile 
reductions decreased G:F.  Muramatsu et al. (1991) used published reports, including that of 
Okumura and Mori (1979), to establish a model that predicted standardized growth of layer-type 
chicks across a range of equal AA reductions relative to requirements, which was subsequently 
validated with empirical data in the same report.  At 50% of dietary requirement, growth of birds 
was shown to be most impacted by Val, Ile, and Phe + Tyr reduction.  Similarly, growth was 
most limited by Val when AA were held to 75% of requirements, although differences among 
other groups diminished at this smaller level of reduction.  Using commercial broilers,  Konashi 
et al. (2000) evaluated the impact of 50% reductions of AA grouped as TSAA, Phe + Tyr, 
branched-chain AA (BCAA) (Ile + Leu + Val), Lys + Arg, or other essential AA (Gly + Ser + 
His + Thr + Trp) on growth performance and indirect measures of immunity for broilers under 
ad libitum and pair-feeding conditions from 10 to 24 d post-hatch.  The lowest growth 
performance was observed in birds fed reduced BCAA, and these were the only AA for which 
relative thymus and bursa weights were impaired at the 50% reduction level.  
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The marked effects of Val reduction on growth performance observed in the current 
study generally agrees with the research summarized above.  When the dietary concentration of 
one AA is below its requirement, all others are in excess and the potential for antagonism is 
heightened.  The BCAA share common enzyme systems and excess dietary Leu disrupts 
utilization of Ile and Val, particularly when either of these AA are limiting in the diet (D’Mello 
and Lewis, 1970).  In the previously-mentioned work by Okumura and Mori (1979), Leu 
deficiency increased plasma Val and Ile, indicating BCAA antagonism likely contributed to the 
varying responses to 50% AA reductions.  Corn protein is high in Leu, and increased AA 
supplementation typically decreases the relative proportion of protein from soybean meal and 
increases the proportion from corn in LCP diets (Waldroup et al., 2002).  This may lead to an 
increased susceptibility of BCAA antagonism in broilers fed LCP diets in commercial practice, 
especially when supplemental Val is not included in the diet.  However, the adverse effects of 
BCAA reduction observed by Konashi et al. (2000) occurred when Ile, Val, and Leu were 
reduced in concert, suggesting that mechanisms outside of BCAA antagonism may have also 
been involved.   
Similar to Val, reduction of dietary Lys had a strong impact on growth performance of 
birds in our study, which is contrast to previously mentioned reports where reduction of Lys 
typically produced a minor response compared with other AA.  This discrepancy can likely be 
ascribed to the genetic selection for breast meat yield of modern broilers that has occurred since 
reports from previous decades.  Pectoralis major yield of commercial broilers from 2005 was 
determined to be 79% greater than that of meat-type birds unselected since 1957 (Zuidhof et al., 
2014).  Moreover, the impact of a 25% Lys reduction on protein turnover was more pronounced 
in broilers selected for high breast meat yield than in unselected birds (Tesseraud et al., 2001).  
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Therefore, the greater sensitivity of broilers used in the current research to a large reduction in 
Lys is not surprising.  
As expected, E. acervulina impaired growth performance, reduced plasma carotenoid 
concentrations, and increased intestinal expression of key cytokines for broilers in the current 
study.  Plasma carotenoids have been demonstrated to be a rapid and sensitive indicator of 
intestinal disruption caused by coccidiosis (Conway et al., 1993; Hernández-Velasco et al., 2014) 
and were recently correlated with the decrease in SID AA concentrations for broilers following 
E. acervulina infection (Rochell et al., 2015).  It is not clear why plasma carotenoid 
concentrations varied among dietary treatments for the uninfected birds, but may be related to 
differences in feed intake.  Regardless, we used this outcome primiarily to assess the impact of 
infection for birds within a dietary group rather than to compare absolute values among dietary 
treaments. 
Dietary AA reductions differentially influenced the impact of E. acervulina infection on 
BWG and FI of broilers during the acute (15 to 21 d post-hatch) and recovery (21 to 28 d) phases 
of infection, but differences in infection response were not sufficient to substantially alter the 
relative ranking in growth performance when compared with uninfected birds.  Differences in 
infection response among dietary groups were less obvious during the acute period infection, but 
were generally greatest for TSAA, Thr, Gly + Ser, and Arg when based on BWG.  The diet × 
infection interaction was not significant for G:F during this period. Compensatory growth 
beginning 6 to 7 d after inoculation is characteristic of an acute E. acervulina infection (Giraldo 
and Southern, 1988; Voeten et al., 1988) and may be associated with improved feed efficiency 
resulting from compensatory nutrient absorption in uninfected areas of the intestine (Ruff and 
Wilkins, 1980).  It is therefore reasonable to expect that birds may be most sensitive to AA 
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limitation during this rapid recovery period.  Indeed, interactive effects of E. acervulina infection 
and dietary treatment on G:F were only observed during the recovery phase, whereby G:F was 
only lowered by infection for birds fed the LCP control diet or diets reduced in Thr or Val.  
Furthermore, Thr reduction was the only AA limitation that led to an E. acervulina-induced loss 
in BWG greater than that of birds fed the LCP control diet during the recovery period, which was 
accompanied by a large reduction in 28 d plasma carotenoids. 
Eimeria acervulina infection had no significant impact on overall (10 to 28 d) BWG and 
FI of birds fed reduced Lys or Val, although G:F was reduced by infection for both groups.  We 
speculate that the low feed intake observed in these birds may have somehow lessened the 
impact of infection.  The LCP – Val dietary group was the only one for which plasma carotenoid 
concentrations of infected birds were similar to their uninfected counterpart at 28 d.  Plasma 
carotenoids were significantly depressed for birds fed the LCP – Lys diet at 28 d, but the 
magnitude of reduction (13%) was comparable to that observed for birds in the LCP –Val group 
(11%) and less than half of the average for all dietary groups (27%).  The realtively large effects 
of E. acervulina infection on G:F of broilers fed the LCP – Val diet during the recovery phase, 
combined with the realtively less severe effects on BWG, FI, and 28 d plasma carotenoids, points 
to a unique interrelationship of dietary Val status and E. acervulina infection in broilers.  This 
may be related in part to the fact that Eimeria-induced losses in AA digestibility are among the 
most severe for BCAA, along with Cys and Thr (Parker et al., 2007; Amerah and Ravindran, 
2015; Rochell et al., 2015).   
Research in our laboratory has demonstrated substantial dose-dependent increases in 
plasma concentrations of Lys and BCAA of broilers in response to E. acervulina infection 
(Rochell et al., 2015).  We previously hypothesized that lower uptake of these AA was likely 
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attributable to their decreased demand for skeletal muscle accretion during infection, although 
exact mechanisms could not be ascertained.  Nonetheless, it is possible that alteration in the 
metabolism of these AA during coccidiosis, as indicated by changes in their plasma 
concentration, may be related to effects observed for birds fed diets reduced in Lys or Val in the 
current study.  Regarding Lys, Willis and Baker, (1981a) conducted a series of experiments that 
revealed a surprising interaction in that E. acervulina infection markedly increased BWG of 
broilers fed diets severely deficient in Lys (14 or 27% of requirement), yet caused the expected 
decrease in BWG of birds fed a Lys-sufficient diet.  Interestingly, the same relationship was 
observed for birds fed diets deficient in TSAA (Willis and Baker, 1981a). The cause of these 
responses was not identified, but it was determined that the E. acervulina oocysts per se, and not 
some other component of the inocula, were responsible. 
The relatively large decrease in growth performance of broilers fed diets reduced in 
TSAA, Thr, and Gly + Ser during the acute or recovery (Thr) phases of E. acervulina infection is 
not surprising given the mucogenic nature of coccidiosis and critical role of these AA in 
maintaining the intestinal mucosal layer.  Threonine, Cys, Ser, and Pro are key structural AA in 
mucin protein, with Thr being quantitatively the most important (Gum et al., 1992).  Feeding 
dietary Thr concentrations above the optimal growth requirement to support intestinal health and 
bird performance during coccidiosis has produced varying results (Kidd et al., 2003; Star et al., 
2012; Wils-Plotz et al., 2013), but it is clear that dietary Thr limitation certainly impairs mucin 
dynamics (Faure et al., 2005; Horn et al., 2009).  Threonine can be catabolized for synthesis of 
Gly + Ser by Thr aldolase, and dietary Gly + Ser requirements may be increased when birds are 
fed LCP diets without excess Thr even in the absence of an enteric challenge (Dean et al., 2006; 
Ospina-Rojas et al., 2013).  The addition of gelatin as a source of Gly + Ser and Pro to LCP diets 
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supported the compensatory gain of Eimeria-vaccinated broilers during an 8-wk grow-out period 
(Lehman et al., 2009).  In addition to altering mucin dynamics, Eimeria infection increases 
enterocyte turnover (Fernando and McCraw, 1973), and Met is an important precursor for the 
synthesis of polyamines which are required to support cellular renewal (Smith, 1981). 
Interestingly, for broilers fed the LCP – Arg diet in the current study, a large impact of E. 
acervulina infection on growth performance during the acute phase of infection was completely 
diminished during the recovery phase, yet this group still exhibited the largest E. acervulina-
induced decrease in plasma carotenoids at 28 d.  Arginine is involved in several pathways that 
may be of great importance during an Eimeria infection.  Nitric oxide is a key mediator of the 
immune response to Eimeria infection and its production from Arg is catalyzed by inducible 
nitric oxide synthase of macrophages following stimulation by the cytokine IFN-γ (Lillehoj and 
Li, 2004).  Additionally, alternatively-activated avian macrophages possess arginase activity that 
catalyzes the conversion of Arg to Orn and urea (Chang et al., 1998; Djeraba et al., 2002).  As 
mentioned for Met, Orn is an important precursor of polyamines required for cell proliferation, 
and supplemental Arg was reported to promote mucosal repair in the jejunum of broilers 
challenged with mixed Eimeria spp. through activation of the mechanistic target of rapamycin 
complex 1 pathway (Tan et al., 2014).  Allen (1999) reported that supplemental oral doses of Arg 
reduced oocyst shedding of E. tenella-infected birds, but did not influence oocyst shedding, 
BWG, or lesions scores for birds infected with E. acervulina or E. maxima. 
Our current results corroborate previous reports of increased gene expression of intestinal 
IFN-γ, IL-1β, and IL-10 due to E. acervulina infection in chickens, although the timing and 
magnitude of responses have varied considerably in the literature (Hong et al., 2006; Swinkels et 
al., 2007; Velkers et al., 2010; Faber et al., 2012).  Interferon-γ is a key pro-inflammatory 
 116 
 
cytokine produced by intraepithelial and lamina propria CD4+ T cells during Eimeria infection 
and serves to inhibit Eimeria replication and prime macrophages for nitric oxide production 
(Lillehoj and Choi, 1998; He et al., 2011).  Interleukin-1β is a hallmark pro-inflammatory 
cytokine that is secreted by various cells including activated macrophages and is upregulated 
during the inflammatory response to Eimeria (Hong et al., 2006; Faber et al., 2012). In contrast 
to IFN-γ and IL-1β, IL-10 is an anti-inflammatory cytokine that plays an immunoregulatory role, 
although Eimeria-induced overexpression of IL-10 to abate IFN-γ-mediated nitric oxide 
production by macrophages may be a mechanism to evade parasite killing (Gazzinelli et al., 
1992; Collier et al., 2008).  
In the current research, dietary AA reductions did not affect the increase in messenger 
RNA expression of select cytokines during E. acervulina infection.  Klasing and Barnes (1988) 
demonstrated that both Lys and Met deficiency decreased the capacity of chickens for cytokine 
production in response to non-infectious immunogens.  It was also shown that feed restriction 
and Lys deficiency independently decreased the total number thymocytes in broilers, as well as 
thymocyte cationic AA transporter abundance (Humphrey et al., 2006), indicating that AA 
deficiency may impair the capacity of birds for optimal T lymphocyte maturation during 
coccidiosis.  Measurement of cytokine protein rather than messenger RNA expression in the 
current study may have better reflected translation control of cytokines by dietary AA content.  
However, these results could indicate the high priority and partitioning of nutrients to develop 
the necessary cytokine response to Eimeria infection even under the burden of a severe AA 
limitation. 
In conclusion, results reported herein indicate that a diet containing less than 10% CP 
from intact sources can support growth performance equal to that of birds fed a diet containing 
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19% CP when ratios of corn to soybean meal and SID AA profiles are similar.  Reducing 
individual AA seems to impact growth performance independently of the order in which the 
dietary supply of a given AA will fall below its estimated requirement (i.e., order of limitation).  
Although coccidiosis did not result in significant changes in the growth performance ranking of 
dietary groups compared with uninfected birds, equal AA reductions differentially impacted the 
ability of broilers to respond to an E. acervulina infection. 
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Tables and Figures
Table 5.1.  Ingredient and chemical composition of experimental diets fed to broilers in 
Experiment 1
1
 
Item (%, as-fed) CSBM LCP LCP - Lys LCP - TSAA LCP - Thr 
Corn 60.57 31.61 31.61 31.61 31.61 
Soybean meal 30.98 16.57 16.57 16.57 16.57 
Dextrose ̶ 31.84 32.45 32.12 32.10 
Cellulose ̶ 4.00 4.00 4.00 4.00 
Soybean oil 2.96 1.83 1.80 1.80 1.80 
Sodium bicarbonate 1.13 1.20 1.20 1.20 1.20 
Limestone 1.06 1.03 1.03 1.03 1.03 
Dicalcium phosphate 1.87 2.17 2.17 2.17 2.17 
Vitamin premix
2
 0.20 0.20 0.20 0.20 0.20 
Mineral premix
3
 0.15 0.15 0.15 0.15 0.15 
Choline chloride (60%) 0.37 0.37 0.37 0.37 0.37 
Potassium carbonate ̶ 0.78 0.62 0.78 0.78 
Amino acid mixture
4
 ̶ 6.09 6.09 6.09 6.09 
L-Lysine·HCl 0.18 0.75 0.33 0.75 0.75 
DL-Methionine 0.34 0.46 0.46 0.28 0.46 
L-Cystine ̶ 0.12 0.12 0.04 0.12 
L-Threonine 0.15 0.44 0.44 0.44 0.21 
L-Valine 0.05 0.42 0.42 0.42 0.42 
Calculated composition 
AMEn, kcal/kg 3,100 3,100 3,100 3,100 3,100 
CP 19.00 16.74 16.24 16.58 16.57 
SID Lys 1.10 1.10 0.77 1.10 1.10 
SID TSAA 0.84 0.84 0.84 0.59 0.84 
SID Thr 0.76 0.76 0.76 0.76 0.76 
NDF 8.10 8.10 8.10 8.10 8.10 
Ca 0.93 0.93 0.93 0.93 0.93 
Non-phytate P 0.47 0.47 0.47 0.47 0.47 
DEB
5
, mEq 301 301 301 301 301 
1
CSBM = corn-soybean meal diet; LCP = low crude protein; AMEn = nitrogen-corrected apparent 
metabolizable energy; SID = standardized ileal digestible; NDF = neutral detergent fiber. 
2Provided per kilogram of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 μg; dl-α-
tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; d-Ca-pantothenate, 10 mg; niacin, 
22 mg; and menadione sodium bisulfite complex, 2.33 mg.
 
3
Provided per kilogram of complete diet: Mn, 75 mg from MnO; Fe, 75 mg from FeSO4・7H2O; Zn, 
75 mg from ZnO; Cu, 5 mg from CuSO4・5H2O; I, 0.75 mg from ethylene diamine dihydroiodide; and 
Se, 0.1 mg from Na2SeO3.
 
4
Provided the following (% of complete diet): 0.54 L-arginine; 0.24 L-histidine; 0.34 L-isoleucine; 
0.67 L-leucine; 0.38 L-phenylalanine; 0.22 L-tyrosine; 0.11 L-tryptophan; 0.33 L-serine; 0.32 L-glycine; 
0.43 L-proline; 0.79 L-aspartic acid; 1.36 L-glutamic acid; 0.36 L-alanine.
 
5
Calculated as milliequivalents (mEq) of Na
+
 + K
+  ̶  Cl- per kilogram of diet 
   
 
1
2
4 
Table 5.2.  Ingredient composition of experimental diets fed to broilers in Experiment 2 
Ingredient, % as-fed LCP
1
 
LCP -  
Lys 
LCP - 
TSAA 
LCP -  
Thr 
LCP -  
Val 
LCP - 
Ile 
LCP - 
Arg 
LCP - 
Phe+Tyr 
LCP - 
Gly+Ser 
Corn 36.00 36.00 36.00 36.00 36.00 36.00 36.00 36.00 36.00 
Soybean meal 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00 
Dextrose 27.22 28.08 27.58 27.56 27.48 27.41 27.77 27.54 27.95 
Cellulose 3.40 3.40 3.40 3.40 3.40 3.40 3.40 3.40 3.40 
Soybean oil 2.01 1.96 2.00 1.98 2.10 2.13 1.95 2.23 1.83 
Sodium bicarbonate 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.20 
Limestone 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 
Dicalcium phosphate 2.17 2.17 2.17 2.17 2.17 2.17 2.17 2.17 2.17 
Vitamin premix
2
 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
Mineral premix
3
 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
Choline chloride (60%) 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 0.37 
Potassium carbonate 0.66 0.44 0.66 0.66 0.66 0.66 0.66 0.66 0.66 
Amino acid mixture
4
 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 
L-Lysine·HCl 0.73 0.15 0.73 0.73 0.73 0.73 0.73 0.73 0.73 
DL-Methionine 0.48 0.48 0.19 0.48 0.48 0.48 0.48 0.48 0.48 
L-Cystine 0.10 0.10 0.04 0.10 0.10 0.10 0.10 0.10 0.10 
L-Threonine 0.41 0.41 0.41 0.11 0.41 0.41 0.41 0.41 0.41 
L-Valine 0.38 0.38 0.38 0.38 0.03 0.38 0.38 0.38 0.38 
L-Isoleucine 0.31 0.31 0.31 0.31 0.31 0.00 0.31 0.31 0.31 
L-Arginine 0.52 0.52 0.52 0.52 0.52 0.52 0.03 0.52 0.52 
L-Phenylalanine 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.01 0.35 
L-Tyrosine 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.00 0.19 
L-Glycine 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.00 
L-Serine 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.01 
1
LCP = low crude protein control diet 
2
Provided per kilogram of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 μg; dl-α-tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; 
riboflavin, 4.41 mg; d-Ca-pantothenate, 10 mg; niacin, 22 mg; and menadione sodium bisulfite complex, 2.33 mg.
 
3
Provided per kilogram of complete diet: Mn, 75 mg from MnO; Fe, 75 mg from FeSO4・7H2O; Zn, 75 mg from ZnO; Cu, 5 mg from CuSO4・
5H2O; I, 0.75 mg from ethylene diamine dihydroiodide; and Se, 0.1 mg from Na2SeO3.
 
4
Provided the following (% of complete diet): 0.19 L-histidine; 0.62 L-leucine; 0.08 L-tryptophan; 0.39 L-proline; 0.68 L-aspartic acid; 1.26 L-
glutamic acid; 0.33 L-alanine.
 
   
 
1
2
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Table 5.3.  Calculated and analyzed chemical composition of experimental diets fed to broilers in Experiment 2
1
 
Item (%, as-fed) LCP 
LCP -  
Lys 
LCP - 
TSAA 
LCP -  
Thr 
LCP -  
Val 
LCP - 
Ile LCP - Arg 
LCP - 
Phe+Tyr 
LCP - 
Gly+Ser 
Calculated composition 
AMEn, kcal/kg 3,109 3,109 3,109 3,109 3,109 3,109 3,109 3,109 3,109 
CP 17.58 16.89 17.37 17.36 17.32 17.38 16.60 17.31 17.04 
SID Lys 1.15 0.69 1.15 1.15 1.15 1.15 1.15 1.15 1.15 
SID TSAA 0.88 0.88 0.53 0.88 0.88 0.88 0.88 0.88 0.88 
SID Thr 0.77 0.77 0.77 0.46 0.77 0.77 0.77 0.77 0.77 
SID Val 0.87 0.87 0.87 0.87 0.52 0.87 0.87 0.87 0.87 
SID Ile 0.77 0.77 0.77 0.77 0.77 0.46 0.77 0.77 0.77 
SID Arg 1.22 1.22 1.22 1.22 1.22 1.22 0.73 1.22 1.22 
SID Phe+Tyr 1.33 1.33 1.33 1.33 1.33 1.33 1.33 0.80 1.33 
SID Gly+Ser 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 0.82 
NDF 8.10 8.10 8.10 8.10 8.10 8.10 8.10 8.10 8.10 
Ca 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.94 
Non-phytate P 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 
DEB
5
, mEq 295 295 295 295 295 295 295 295 295 
Analyzed composition 
CP 17.54 17.13 17.68 17.89 17.56 16.97 17.02 17.20 16.76 
Lys 1.06 0.76 1.12 1.05 1.20 1.06 1.11 1.13 1.06 
TSAA 0.96 1.00 0.62 0.91 0.92 0.89 0.99 1.00 0.87 
Thr 0.80 0.81 0.82 0.50 0.79 0.79 0.81 0.82 0.81 
Val 0.88 0.99 0.82 0.85 0.55 0.89 0.82 0.94 0.94 
Ile 0.85 0.83 0.86 0.86 0.80 0.49 0.86 0.84 0.88 
Arg 1.11 1.14 1.13 1.09 1.14 1.13 0.79 1.15 1.08 
Phe+Tyr 1.52 1.47 1.46 1.41 1.48 1.41 1.49 0.93 1.44 
Gly+Ser 1.52 1.53 1.48 1.42 1.48 1.49 1.46 1.46 0.94 
1
LCP = low crude protein; AMEn = nitrogen-corrected apparent metabolizable energy; SID = standardized ileal digestible; NDF = neutral detergent fiber. 
2
Provided per kilogram of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 μg; dl-α-tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 
4.41 mg; d-Ca-pantothenate, 10 mg; niacin, 22 mg; and menadione sodium bisulfite complex, 2.33 mg.
 
3
Provided per kilogram of complete diet: Mn, 75 mg from MnO; Fe, 75 mg from FeSO4・7H2O; Zn, 75 mg from ZnO; Cu, 5 mg from CuSO4・5H2O; I, 
0.75 mg from ethylene diamine dihydroiodide; and Se, 0.1 mg from Na2SeO3.
 
4
Provided the following (% of complete diet): 0.19 L-histidine; 0.62 L-leucine; 0.39 L-proline; 0.68 L-aspartic acid; 1.26 L-glutamic acid; 0.33 L-alanine.
 
5
Calculated as milliequivalents (mEq) of Na
+
 + K
+  ̶  Cl- per kilogram of diet 
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Table 5.4. Effects of  diet type and amino acid reductions on growth 
performance of broiler chicks from 14 to 23 d post-hatch in Experiment 1
1
 
Item
2
 BWG
3
, g/bird FI
4
, g/bird G:F, g/kg 
CSBM 561
ab
 880 640
ab
 
LCP 581
a
 848 694
a
 
LCP - Thr 567
ab
 899 632
b
 
LCP - TSAA 545
b
 874 630
b
 
LCP - Lys 465
c
 887 523
c
 
SEM 7.2 24.0 19.8 
P-value
5
 < 0.001 0.651 < 0.001 
a-c
Means within a column that do not share a common superscript are 
significantly different (P < 0.05). 
 
1
Values represent least squares means of 8 replicate cages containing 5 birds 
per cage. 
 
2
CSBM = corn-soybean meal diet; LCP = low crude protein diet.  The CSBM 
group is listed first and subsequent treatment groups are listed in descending 
order of BWG.
 
3
BWG = body weight gain. 
4
FI = feed intake. 
5
ANOVA P-value for main effect of diet. 
   
127 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.5.  Effects of dietary amino acid reductions on growth performance of broilers 
during the pre-inoculation period of 10 to 15 d post-hatch in Experiment 2
1
 
Item
2
 BWG
3
, g/bird FI
4
, g/bird G:F, g/kg 
LCP 163
a
 236
ab
 688
a
 
LCP  - Phe+Tyr 163
a
 243
a
 672
a
 
LCP  - TSAA 157
a
 240
a
 654
a
 
LCP  - Gly+Ser 155
a
 237
a
 653
a
 
LCP  - Ile 137
b
 226
ab
 606
b
 
LCP - Arg 133
bc
 233
ab
 570
bc
 
LCP  - Thr 121
c
 219
bc
 551
cd
 
LCP  - Lys 105
d
 207
c
 509
d
 
LCP  - Val 98
d
 183
d
 531
cd
 
SEM 2.9 4.0 10.8 
P-value
5
 <0.001 <0.001 <0.001 
a-d
Means within a column that do not share a common superscript are significantly 
different (P < 0.05). 
 
1
Values represent least squares means of 8 replicate cages containing 5 birds per cage. 
 
2
The
 
low crude protein (LCP) control diet is listed first and subsequent treatments are 
listed in descending order of BWG. 
3
BWG = body weight gain. 
4
FI = feed intake. 
5
ANOVA P-value for main effect of diet. 
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Table 5.6. Effects of dietary amino acid reductions and E. acervulina infection at 15 d post-hatch on growth performance of broilers 
from 15 to 21 d post-hatch in Experiment 2
1
 
 Body weight gain, g/bird Feed intake, g/bird G:F, g/kg 
Item
2
 Uninfected Infected % change
3 
Uninfected Infected % change
3 
Uninfected Infected % change
3 
LCP 317
a
 195
a
 -38* 474
a
 357
a
 -25* 669
a
 547
a
 -18* 
LCP - Phe+Tyr 304
a
 178
ab
 -41* 458
a
 347
ab
 -24* 665
ab
 513
ab
 -23* 
LCP - TSAA 302
a
 149
bcd
 -51* 471
a
 324
abc
 -31* 642
ab
 457
bcd
 -29* 
LCP - Gly+Ser 294
a
 160
bc
 -46* 478
a
 330
abc
 -31* 614
bc
 483
abc
 -21* 
LCP - Arg 225
b
 121
de
 -46* 410
b
 311
bcd
 -24* 550
d
 384
def
 -30* 
LCP - Ile 222
b
 127
cde
 -43* 380
b
 300
cd
 -21* 586
cd
 418
cde
 -29* 
LCP - Thr 206
b
 110
ef
 -47* 383
b
 271
de
 -29* 537
de
 405
def
 -25* 
LCP - Lys 151
c
 105
ef
 -30* 324
c
 286
cd
 -12* 468
f
 365
ef
 -22* 
LCP - Val 125
c
 80
f
 -36* 254
d
 235
e
 -7 490
ef
 338
f
 -31* 
SEM 6.3 7.4  8.9 9.7  11.6 16.3  
P-values
4
          
Diet < 0.001  < 0.001  < 0.001  
Infection < 0.001  < 0.001  < 0.001  
Diet × infection < 0.001  < 0.001  0.147  
a-f
Means within a column that do not share a common superscript are significantly different (P < 0.05). 
 
1
Values represent least squares means of 6 replicate cages containing 6 birds per cage. 
2
The
 
low crude protein (LCP) control diet is listed first and subsequent treatments are listed in descending order of BWG of 
uninfected birds.
 
3
Impact of E.acervulina infection on birds within a dietary treatment calculated according to the following equation: Change, % = 
[1-(Uninfected/Infected)]*100.  Asterisk (*) denotes statistical significance (P < 0.05) of change due to infection between birds 
receiving the same dietary treatment.
 
4
Overall
 
ANOVA P-values for effects of diet, infection, and their interaction.
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Table 5.7. Effects of dietary amino acid reductions and E. acervulina infection at 15 d post-hatch on growth performance of broilers 
from 21 to 28 d post-hatch in Experiment 2
1
 
 Body weight gain, g/bird Feed intake, g/bird G:F, g/kg 
Item
2
 Uninfected Infected % change
3 
Uninfected Infected % change
3 
Uninfected Infected % change
3 
LCP 517
a
 416
a
 -20* 809
a
 711
a
 -12* 638
a
 592
a
 -7* 
LCP - Phe+Tyr 475
ab
 384
ab
 -19* 773
a
 667
ab
 -14* 614
ab
 577
abc
 -6 
LCP - TSAA 450
b
 359
bc
 -20* 770
a
 634
abc
 -18* 584
abc
 567
abc
 -3 
LCP - Gly+ Ser 437
b
 386
ab
 -12* 773
a
 660
ab
 -15* 566
bcd
 584
ab
 3 
LCP - Ile 335
c
 289
d
 -14* 624
b
 556
cd
 -11* 538
cd
 517
bcd
 -4 
LCP - Arg 324
c
 314
cd
 -3 648
b
 607
bc
 -6 500
de
 517
cd
 3 
LCP - Thr 322
c
 232
e
 -28* 613
b
 497
de
 -19* 524
cde
 468
de
 -11* 
LCP - Lys 194
d
 195
ef
 1 470
c
 459
ef
 -2 416
f
 425
e
 2 
LCP - Val 161
d
 158
f
 -2 347
d
 390
f
 12 460
ef
 405
e
 -12* 
SEM 11.0 13.4  15.1 22.9  14.4 16.0  
P-values
4
          
Diet < 0.001  < 0.001  < 0.001  
Infection < 0.001  < 0.001  < 0.001  
Diet × infection < 0.001  < 0.001  0.033  
a-f
Means within a column that do not share a common superscript are significantly different (P < 0.05). 
 
1
Values represent least squares means of 6 replicate cages containing 4 birds per cage. 
2
The
 
low crude protein (LCP) control diet is listed first and subsequent treatments are listed in descending order of BWG of 
uninfected birds.
 
3
Impact of E.acervulina infection on birds within a dietary treatment calculated according to the following equation: Change, % = 
[1-(Uninfected/Infected)]*100.  Asterisk (*) denotes statistical significance (P < 0.05) of change due to infection between birds 
receiving the same dietary treatment.
 
4
Overall
 
ANOVA P-values for effects of diet, infection, and their interaction.
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Table 5.8. Effects of dietary amino acid reductions and E. acervulina infection at 15 d post-hatch on growth performance of broilers 
from 10 to 28 d post-hatch in Experiment 2
1
 
 Body weight gain, g/bird Feed intake, g/bird G:F, g/kg 
Item
2
 Uninfected Infected % change
3 
Uninfected Infected % change
3 
Uninfected Infected % change
3 
LCP 991
a
 783
a
 -21* 1,219
a
 1,022
a
 -16* 812
a
 767
a
 -6* 
LCP - Phe+Tyr 941
ab
 726
ab
 -23* 1,168
a
 999
a
 -14* 805
a
 727
a
 -10* 
LCP - TSAA 903
b
 672
b
 -26* 1,155
a
 928
ab
 -20* 782
ab
 721
a
 -8* 
LCP - Gly+ Ser 883
b
 703
ab
 -20* 1,146
a
 959
ab
 -16* 771
ab
 732
a
 -5* 
LCP - Ile 694
c
 551
cd
 -21* 936
b
 819
cd
 -13* 743
bc
 672
b
 -10* 
LCP - Arg 677
c
 572
c
 -15* 958
b
 886
bc
 -10* 706
c
 660
b
 -7* 
LCP - Thr 644
c
 467
de
 -27* 919
b
 727
de
 -21* 700
c
 642
b
 -8* 
LCP - Lys 447
d
 408
ef
 -9 716
c
 698
e
 -2 625
d
 593
c
 -7* 
LCP - Val 380
d
 339
f
 -11 588
d
 585
f
 0 643
d
 576
c
 -11* 
SEM 17.2 20.3  17.6 25.1  10.1 11.1  
P-values
4
          
Diet < 0.001  < 0.001  < 0.001  
Infection < 0.001  < 0.001  < 0.001  
Diet × infection < 0.001  < 0.001  0.539  
a-f
Means within a column that do not share a common superscript are significantly different (P < 0.05). 
 
1
Values represent least squares means of 6 replicate cages containing 4 (10 to 21 d) or 6 (21 to 28 d) birds per cage. 
2
The
 
low crude protein (LCP) control diet is listed first and subsequent treatments are listed in descending order of BWG of 
uninfected birds.
 
3
Impact of E.acervulina infection on birds within a dietary treatment calculated according to the following equation: Change, % = 
[1-(Uninfected/Infected)]*100.  Asterisk (*) denotes statistical significance (P < 0.05) of change due to infection between birds 
receiving the same dietary treatment.
 
4
Overall
 
ANOVA P-values for effects of diet, infection, and their interaction.
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Table 5.9. Effects of dietary amino acid reductions and E. acervulina infection at 15 d post-hatch on plasma carotenoids (µg/mL) of 
broilers at 21 and 28 d post-hatch in Experiment 2
1
 
 21 d 28 d 
Item
2
 Uninfected Infected % change
3 
Uninfected Infected % change
3 
LCP 3.32
c
 0.91 -73* 3.55
d
 2.93
b
 -17* 
LCP - Thr 4.83
a
 1.23 -75* 4.99
ab
 2.98
b
 -40* 
LCP - Lys 4.83
a
 1.20 -75* 4.88
ab
 4.24
a
 -13* 
LCP - Val 4.57
ab
 1.03 -77* 4.52
abc
 4.02
a
 -11 
LCP - Ile 4.21
abc
 1.03 -76* 4.41
abcd
 3.50
ab
 -21* 
LCP - Arg 4.11
abc
 1.13 -73* 5.17
a
 2.92
b
 -44* 
LCP - Gly+Ser 4.11
abc
 0.97 -76* 4.56
abc
 2.98
b
 -35* 
LCP - TSAA 3.67
abc
 0.97 -74* 4.24
bcd
 2.77
b
 -35* 
LCP - Phe+Tyr 3.66
bc
 0.93 -75* 3.97
cd
 2.81
b
 -29* 
SEM 0.25 0.09  0.21 0.16  
P-values
4
       
Diet < 0.001  < 0.001  
Infection < 0.001  < 0.001  
Diet × infection < 0.001  < 0.001  
a-d
Means within a column that do not share a common superscript are significantly different (P < 0.05). 
 
1
Values represent least squares means of plasma pooled from 2 birds per cage with 6 replicate cages per treatment. 
2
The
 
low crude protein (LCP) control diet is listed first and subsequent treatments are listed in descending order of values for 
uninfected birds at 21 d.
 
3
 Impact of E.acervulina infection on birds within a dietary treatment calculated according to the following equation: Change, % = 
[1-(Uninfected/Infected)]*100.  Asterisk (*) denotes statistical significance (P < 0.05) of change due to infection between birds 
receiving the same dietary treatment.
 
4
Overall
 
ANOVA P-values for effects of diet, infection, and their interaction.
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Figure 5.1. Main effect of E. acervulina infection at 15 d post-hatch on duodenal gene 
expression of cytokines interferon-γ (IFN-γ), interleukin-1β (IL-1β), and interleukin-10 (IL-10) 
in broiler chicks at 21 and 28 d post-hatch.  Data were log-transformed for statistical analysis.  
Values represent geometric means of fold changes relative to uninfected birds and upper and 
lower 95% confidence bounds (error bars) calculated by back-transformation of the log-
transformed data.  No diet effects or diet × infection interactions were observed (P < 0.05) for 
any cytokines at 21 or 28 d post-hatch. 
 
 
21 d 
28 d 
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CHAPTER 6: INTERACTIVE EFFECTS OF DIETARY ARGININE AND EIMERIA 
ACERVULINA INFECTION ON BROILER GROWTH PERFORMANCE AND 
METABOLISM 
Abstract: The influence of dietary Arg concentration and Eimeria acervulina infection on 
broiler growth performance and plasma carotenoid, nitric oxide (NO), amino acid, and urea 
concentrations was evaluated.  Commercial broilers were fed a common diet for 10 d post-hatch 
and provided experimental diets formulated to contain 1.23 (HA) or 0.74% (LA) standardized 
ileal digestible Arg from 10 to 28 d.  At 21 d, one-half of the broilers were switched to the 
opposite diet to create 4 dietary regimens where birds were fed the LA diet throughout, the LA 
diet replaced by the HA diet at 21 d, the HA diet throughout, or the HA diet replaced by the LA 
diet at 21 d. Broilers were orally-inoculated with 1 mL of water containing 0 (uninfected) or 3.5 
× 10
5
 sporulated E. acervulina oocysts at 15 d, resulting in a factorial arrangement of 4 dietary 
regimens × 2 infection states (8 replicates/treatment).  Overall (10 to 28 d) BW gain and G:F was 
greatest (P < 0.01) for birds fed the HA diet throughout, regardless of infection status.  Eimeria 
acervulina infection decreased (P < 0.01) BW gain of birds from 15 to 21 d, and G:F was lowest 
(P < 0.05) for infected birds fed the LA diet during this period.  There was no influence (P > 
0.05) of E. acervulina on BW gain or G:F of broilers from 21 to 28 d. Plasma Arg, Lys, and Orn 
levels at 21 d indicated that the LA diet caused an imbalance in the Lys and Arg status of 
broilers, and E. acervulina infection increased (P < 0.01) the plasma concentration of these 3 
amino acids.  Diet × infection interactions (P < 0.05) were observed on 21 d for plasma 
carotenoids and NO, whereby infection decreased plasma carotenoids and increased plasma NO, 
but dietary Arg concentration only influenced these measures for uninfected birds.  Thus, 
production of NO during E. acervulina infection was not impaired by dietary Arg limitation. 
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Introduction 
A large proportion of the economic losses caused by coccidiosis, a prevalent disease 
which results from intestinal infection by protozoan parasite of genus Eimeria, can be ascribed to 
detriments in feed efficiency as a consequence of impaired nutrient absorption (Williams, 1999).  
The underlying intestinal pathology that leads to decreased nutrient digestion and uptake in 
Eimeria-infected chickens has been relatively well-characterized and involves extensive 
morphological damage (Fernando and McCraw, 1973), decreased digestive enzyme activity 
(Major and Ruff, 1978), and altered expression of nutrient transporters (Su et al., 2015).  On the 
other hand, systemic metabolic changes that may decrease feed efficiency or alter nutrient 
requirements during coccidiosis are less well-known.  Consumer demand for antimicrobial-free 
production practices has created an impetus for identifying nutritional strategies to lessen the 
impact of coccidiosis on broiler health and performance, and as such, greater understanding of 
Eimeria-induced alterations in nutrient metabolism is warranted. 
Arginine metabolism is unique in chickens when compared with mammalian species. 
Chicken enterocytes do not possess the enzymes necessary for Cit production, thereby 
eliminating the contribution of intestinally-derived Cit to Arg synthesis that occurs in mammals 
(Wu et al., 1995).  Arginase, which degrades Arg to Orn and urea, is readily active in chicken 
kidney, but activity of carbamoyl phosphate synthetase I, the first enzyme needed for Arg 
production from Orn in the urea cycle, is lacking (Tamir and Ratner, 1963).  Under certain 
dietary conditions, most notably excess Lys, Arg degradation by kidney arginase is increased 
(Austic and Nesheim, 1970).  Consequently, the dietary essentiality for Arg in chickens 
represents the metabolic requirement for protein and metabolite synthesis plus that required to 
replace Arg degraded by kidney arginase (Ball et al., 2007).  A key metabolic demand of Arg is 
for the production of nitric oxide (NO), which is synthesized along with Cit from Arg by the 
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enzyme nitric oxide synthase (NOS). Endothelial NOS is found in cells lining blood vessels and 
produces NO which serves as a vasodilator to regulate blood pressure (Moncada et al., 1989).  
Macrophages, which are phagocytic cells of the innate immune system, express an inducible 
form of NOS (iNOS) upon stimulation by the T helper-1 family of cytokines to generate NO that 
reacts to destroy invading pathogens including Eimeria species (Lillehoj and Li, 2004).  
Furthermore, it has been established that alternatively-activated macrophages express arginase 
activity in response to T helper-2 cytokines as a means to produce Orn that is subsequently used 
in the synthesis of polyamines needed for tissue repair (Munder et al., 1999).  The balance 
between iNOS and arginase expression in avian macrophages has been related to susceptibility 
of chickens to Marek’s disease (Djeraba et al., 2002). 
It has been demonstrated that plasma Arg levels decrease in a dose-dependent manner in 
response to Eimeria infection, and this decrease is accompanied by an increase in plasma NO 
(Allen and Fetterer, 2000).  Additionally, we recently reported dose-dependent increases in 
plasma Lys and Orn, concomitant with a decrease in plasma Arg, indicating that coccidiosis may 
cause an imbalance between these amino acids and increase arginase-mediated degradation of 
Arg (Rochell et al., 2015).  As such, we hypothesize that feeding a diet limiting in Arg will 
exacerbate this relationship and reduce availability of Arg for NO production.  The present study 
was conducted to evaluate the effects of reducing dietary Arg during the acute (0 to 6 d post-
inoculation) and recovery (6 to 13 d post-inoculation) phases of an E. acervulina infection on 
growth performance and NO production of broilers.  Plasma Arg, Lys, Orn, and urea were 
measured as indicators of Arg degradation by arginase (Wang et al., 1973; Chu and Nesheim, 
1979; Ruiz-Feria et al., 2000), and plasma carotenoids were evaluated as an indicator of Eimeria 
infection severity (Conway et al., 1993). 
   
136 
  
Materials and Methods 
All animal care and experimental procedures were approved by the University of Illinois 
Institutional Animal Care and Use Committee before initiation of the experiment. 
Bird Husbandry 
 Two hundred and eighty-eight male Ross × Ross 308 broilers were obtained from a 
commercial hatchery and placed in thermostatically-controlled batteries with raised wire floors 
in an environmentally-controlled room with continuous lighting.  Birds were provided free 
access to water throughout the trial, and a corn-soybean meal-based starter diet that met or 
exceeded requirements for Ross broilers (Aviagen, 2014) was provided from arrival to 10 d post-
hatch.  At 10 d post-hatch, birds were individually-weighed, wing-banded, allotted to 8 treatment 
groups similar in body weight, and provided experimental diets.  Eight replicate cages containing 
6 chicks per cage were assigned to each treatment group. Birds and feeders were weighed at 15, 
21, and 28 d post-hatch for calculation of body weight gain (BWG), feed intake (FI), and feed 
efficiency.  Mortality was less than 3% and was unaffected by treatment.  Body WG and feed 
efficiency were corrected to include weight gain of birds that died during the trial. 
Dietary Treatments 
 Two experimental diets were formulated to contain 0.74 (LA) or 1.23% (HA) 
standardized ileal digestible (SID) Arg and meet all other nutrient specifications for Ross 
broilers (Aviagen, 2014) (Table 6.1).  The diets were formulated to be low in CP but match the 
SID amino acid profile of a 19% corn-soybean meal-based grower diet as previously described 
(Rochell et al., 2015b).  The 40% reduction in SID Arg between the LA and HA diets was 
chosen based on results of the same previous experiment.  For the LA diet, supplemental L-Arg 
(free-base) was replaced by dextrose, and soybean oil was adjusted accordingly so that diets 
remained isocaloric.  Metabolizable energy and nitrogen content of all supplemental AA were 
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accounted for in the diet formulation based on values provided by NRC (1994), and the reduction 
in CP content of the LA diet was solely due to the exclusion of supplemental L-Arg.  Dietary 
treatments were provided to birds starting at 10 d post-hatch.  At 21 d post-hatch, one-half of the 
broilers receiving the LA and HA diets were switched to the opposite diet for the remainder of 
the trial to create 4 dietary regimens in which birds were fed the LA diet from 10 to 28 d (LA-
LA), the LA diet replaced by the HA diet at 21 d (LA-HA), the HA diet from 10 to 28 d (HA-
HA), or the HA diet replaced by the LA diet at 21 d (LA-HA). 
Eimeria acervulina Challenge 
At 15 d post-hatch, chicks were weighed and orally-inoculated with 1 mL of distilled 
water containing 0 (sham-inoculated, uninfected group) or 3.5 × 10
5
 sporulated E. acervulina 
oocysts using a 1 mL syringe (infected group).  Oocysts were from stocks originally obtained 
from the USDA Animal Parasitic Diseases Laboratory, Beltsville, MD (courtesy of Dr. Mark 
Jenkins) and maintained in our laboratory as previously described (Rochell et al., 2015a).  The 
dose was selected in attempt to elicit a moderate response to infection based on results from 
previous experiments in our laboratory. 
Plasma Collection and Analyses 
 At 21 and 28 d post-hatch (6 and 13 d post-inoculation, respectively), birds were 
euthanized by CO2 inhalation and immediately dissected for blood collection.  Two birds closest 
to the median weight were selected from each cage and blood was collected via cardiac puncture 
into tubes containing EDTA, placed on ice, and centrifuged for 20 min at 1,250 × g and 4°C.  
Plasma from birds within a cage was pooled, aliquoted, and stored at -80°C pending analysis.  
All blood processing and carotenoid analysis procedures were conducted under yellow light.  
Plasma carotenoid and NO concentrations were determined for blood samples taken at d 21 and 
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28, whereas plasma AA concentrations were only determined for samples taken at d 21. 
Carotenoid concentrations were determined by spectrophotometry as previously described by 
Allen (1987).  Plasma nitrate (NO3
-
) + nitrite (NO2
-
) were measured to reflect total NO using a 
colorimetric assay kit according to instructions provided by the manufacturer (Cayman Chemical 
Co., Ann Arbor, MI).  To remove interfering proteins prior to NO analysis, plasma samples were 
filtered through pre-rinsed centrifugal filters (VWR, Radnor, PA) that excluded proteins with a 
molecular weight greater than 30 kilodaltons.  For plasma free amino acid analysis, plasma 
samples were deproteinized by mixing approximately 300 µL of plasma with an equal volume of 
SeraPrep (Pickering Laboratories, Mountain View, CA).  After incubation for 5 min at room 
temperature, the mixture was frozen overnight, thawed, and centrifuged at 13,500 × g for 5 min.  
Amino acids in the supernatant were separated with a high-performance liquid chromatography 
instrument (ICS-5000, Dionex Corp., Sunnyvale, CA) using a lithium cation-exchange column 
(Model 0354100T, Pickering Laboratories, Inc., Mountain View, CA), followed by post-column 
ninhydrin derivatization and UV light detection of individual amino acids. 
Statistical Analyses 
 An individual cage of birds served as the experimental unit and treatments were 
distributed to cages (64 total) in a completely randomized design.  Data are presented as least 
squares means of treatment groups.  During the pre-inoculation period, means of birds allotted to 
the uninfected and infected groups were combined, and a 1-way ANOVA within the MIXED 
procedure of SAS 9.3 (SAS Institute, Cary, NC) was used to assess the main effect of Arg level 
before infection (n = 32).  Otherwise, data were analyzed as a factorial arrangement of dietary 
Arg and infection status using a 2-way ANOVA.  For 15 to 21 d growth performance and 21 d 
plasma measurements, means of the LA-LA and LA-HA groups and means of the HA-LA and 
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HA-HA groups were combined into LA and HA groups (n = 16), respectively. Values of plasma 
NO, Orn, and Arg:Lys ratio exhibited heterogeneous variance and were log-transformed to 
achieve homogenous variance and normality for the purpose of statistical analysis.  For 21 to 28 
d and overall growth performance and 28 d plasma measurements, each treatment group was 
represented by 8 replicate cages.  Where noted, means were separated using a Tukey’s multiple 
comparison test.  Statistical significance was considered at P < 0.05 in all cases. 
Results and Discussion 
Arginine is a dietary essential amino acid for protein synthesis and immune function in 
chickens.  Allen and Fetterer (2000) reported that E. acervulina infection decreased plasma Arg 
from 289 (uninfected) to 146 µM (1 × 10
6
 oocysts) in a dose-dependent manner for 3 wk-old 
White Rock × Rhode Island Red chickens fed a 24% CP diet.  In a previous experiment in our 
laboratory, plasma Arg of Ross broilers fed a 21% CP diet was linearly reduced from 556 µM in 
uninfected birds to 434 µM in birds infected with the highest dose of 1 × 10
6
 E. acervulina 
oocysts (Rochell et al., 2015a).  Moreover, plasma Lys and Orn of infected birds increased 
linearly from 265 to 459 and 44 to 86 µM, respectively.  Based on these results, we hypothesized 
that decreased plasma Arg during E. acervulina infection was partly attributable to increased Arg 
degradation resulting from an imbalance between Lys and Arg.  It was further hypothesized that 
this imbalance would be exacerbated with a reduction in dietary Arg, which would limit 
availability of Arg for NO synthesis and ultimately impair growth performance of broilers during 
coccidiosis.  
During the pre-inoculation phase of 10 to 15 d post-hatch, BWG, FI, and G:F of birds fed 
the LA diet were decreased (P < 0.01) by 17, 3, and 13%, respectively, compared with birds fed 
the HA diet (Table 6.2).  During the acute phase of E. acervulina infection (15 to 21 d post-
hatch), dietary Arg reduction and E. acervulina infection independently decreased (P < 0.01) 
   
140 
  
BWG and FI, whereas a diet × infection interaction (P < 0.05) was observed for G:F of broilers.  
As such, E. acervulina infection decreased G:F of birds fed the HA diet by 16% , while a greater 
(23%) decrease due to infection was observed for birds fed the LA diet.  These results are in 
good agreement with a similar experiment conducted in our laboratory in which the same 
magnitude of dietary Arg reduction caused similar effects during the pre-inoculation and acute 
phases of an E. acervulina infection for broilers of the same age. (Rochell et al., 2015b). 
No effects (P > 0.05) of E. acervulina infection were observed for BWG, FI, or G:F from 
21 to 28 d, indicating that growth performance of infected broilers had recovered.  Dietary Arg 
regimen influenced (P < 0.01) BWG and G:F, but not FI (P > 0.05) of broilers during this period.  
Main effect means for broilers fed the LA-LA, LA-HA, HA-LA, and HA-HA regimens were 
390, 463, 426, and 477 g/bird for BWG (SEM = 15.3) and 488, 585, 519, and 570 g/kg for G:F 
(SEM = 13.6), respectively. Thus, during the 21 to 28 d period, growth performance of broilers 
initially fed the LA diet and later switched to the HA diet was restored to be equal to those 
continuously fed the HA diet, revealing a striking capacity for compensatory growth following a 
period of dietary Arg limitation.  Overall (10 to 28 d), E. acervulina infection reduced (P < 0.01) 
BWG, FI, and G:F by 9, 4, and 5%, respectively. No interactive effects between diet and 
infection status were observed on growth performance during the recovery or overall phases, 
indicating that the potential for dietary Arg limitation to exacerbate E. acervulina infection 
severity, as indicated by the response in feed efficiency, was confined to the acute phase of 
infection. 
Interactive effects of dietary Arg concertation and infection status were observed (P < 
0.05) on plasma Arg and Arg:Lys ratio (Table 6.3).  Interactions for these outcomes were a result 
of differences in magnitude, but not direction, of responses to dietary Arg and infection status.  
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Feeding the LA diet decreased plasma levels of Arg, but increased plasma Lys, causing a 
substantial reduction in the plasma Arg:Lys ratio.  Similarly, in chickens fed a casein-based basal 
diet, addition of 2% L-lysine decreased plasma Arg from 35 to 16 µg/mL and increased plasma 
Lys from 184 to 470 µg/mL, decreasing the plasma Arg:Lys ratio from 0.19 to 0.03 (Jones et al., 
1967).  Thus, the plasma responses of Lys and Arg in the current study seem to reflect 
antagonism between these 2 amino acids, which has been shown to involve increased 
degradation of Arg to Orn and urea by kidney arginase (Jones et al., 1967; Austic and Nesheim, 
1970).  Based on previous research mentioned above, it was expected that E. acervulina 
infection would further decrease plasma Arg, exacerbating this effect.  Contrary to our 
hypothesis, E. acervulina infection increased plasma Arg levels of birds fed the LA and HA diets 
by 33 and 47%, respectively, compared with uninfected birds receiving the same diets.  
Furthermore, E. acervulina infection increased plasma Lys for LA and HA-fed birds by 7.6 and 
97.7%, respectively, but the large difference in the magnitude between these responses was not 
sufficient to cause a significant diet × infection interaction (P = 0.068).  However, the large 
numerical increase in plasma Lys due to infection for birds fed the HA diet caused a decreased 
plasma Arg:Lys ratio for this dietary group that was not observed for birds fed the LA diet, 
leading to a diet × infection (P < 0.01) interaction for plasma Arg:lys.  This seems to indicate 
that the numerical increase in plasma Lys concentration caused by E. acervulina infection led to 
antagonism between Lys and Arg when Arg was fed to broilers at the dietary requirement level, 
but infection did not further exacerbate the overwhelming antagonism caused by feeding Arg at 
60% of the dietary requirement. 
In the current experiment, plasma Orn generally followed the same pattern observed for 
Arg in that its concentration was higher for birds fed the HA diet than for birds fed the LA diet 
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and was also increased with E. acervulina infection.  This is similar to the pattern observed by 
Balnave and Brake (1999).  In the current study, the relative increase in plasma Orn with 
infection was greater than the increase in Arg, causing a higher Orn:Arg ratio for infected birds 
than for uninfected birds, which may indicate greater Arg degradation.  In direct contrast to Orn, 
plasma urea concentrations were higher (P < 0.022) for birds fed the LA diet than for those fed 
the HA diet, regardless of infection status, and were independently decreased (P < 0.001) with E. 
acervulina infection.  Therefore, whereas plasma Orn appeared to indicate increased Arg 
degradation with E. acervulina infection, plasma urea concentrations indicated less Arg 
degradation for infected birds.  Compared with plasma urea, urea excretion measured with ureter 
catheterization or by analysis of fecal dropping may be more representative of changes in dietary 
Arg degradation (Chu and Nesheim, 1979), presumably due to the ability of chickens to excrete 
urea at a rate that prevents its accumulation in the plasma (Owen and Robinson, 1964).  
Similarly, results reported by Ruiz-Feria et al. (2000) indicated that plasma Orn may be more 
sensitive to alterations in Arg degradation caused by dietary changes in CP or Arg level than 
plasma urea.  Nonetheless, the cause of the inverse relationship of these markers of Arg 
degradation remains to be determined. 
The increase in plasma Arg observed with E.acervulina infection in the current study is 
not readily explainable, particularly with the observed increases in plasma Lys and Orn 
indicating Arg degradation.  Arginine comprises a relatively high percentage of amino acids in 
skeletal muscle of broilers (Conde-Aguilera et al., 2013), and it is possible that the plasma Arg 
pool was increased by mobilization of body protein to satisfy Arg demands during the condition 
of decreased dietary Arg availability caused by E. acervulina infection.  Additionally, in 
previous reports where plasma Arg was decreased with E. acervulina infection, birds were fed 
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diets with more typical CP content as described above (Allen and Fetterer, 2000; Rochell et al., 
2015a).  Robbins and Baker (1981) showed that kidney arginase increased to a much greater 
extent when total dietary nitrogen was in excess of the requirement than when a single amino 
acid was in excess. In the current study, a low CP diet was used to facilitate a large reduction in 
Arg concentration between the LA and HA diets, and increases in Arg degradation may have 
been lower than what would have occurred with feeding a higher CP diet.  It is also important to 
note that the highest Arg:Lys ratio (0.77) observed for uninfected broilers fed the HA diet in the 
current study was still lower than the lowest value (0.95) caused by the inverse responses in 
plasma Arg and Lys to E. acervulina infection previously reported in our lab (Rochell et al., 
2015a).  Furthermore, Balnave and Brake (1999) reported plasma Arg:Lys values ranging from 
1.83 to 2.86 for broilers fed diets based on sorghum and wheat and containing 1.00% Lys and 
1.05 to 1.35% Arg.  Therefore, responses in plasma amino acid profile to E. acervulina infection 
may have been affected by the already low plasma Arg:Lys ratio of broilers fed the low CP diet 
in the current study. 
Plasma carotenoids were decreased with E. acervulina infection at both 21 and 28 d 
(Table 6.4). It has been shown that decreased plasma carotenoids indicate disruption of the 
intestinal mucosa (Conway et al., 1993) and are correlated with impaired Arg digestibility during 
coccidiosis (Rochell 2015a).  Within the uninfected group, plasma carotenoids were higher for 
birds fed the LA diet than those fed the HA diet, leading to a diet × infection interaction (P < 
0.01) on this measure at 21 d.  The marked impact of infection at 21 d probably decreased 
plasma carotenoids to a minimum level and overwhelmed any influence of diet.  At 28 d, plasma 
carotenoids of infected birds remained lower (P < 0.01) than those of uninfected birds, but no 
effects of diet or the diet × infection interaction were observed (P > 0.05). 
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Eimeria acervulina caused a marked increase in plasma NO for broilers at 21 d, and this 
response was not inhibited by feeding the LA diet (Table 6.4).  However, a diet × infection (P < 
0.05) interaction was observed whereby plasma NO of uninfected broilers was decreased for 
birds fed the LA diet at 21 d.  The increase in plasma NO with E. acervulina infection in the 
current study was considerably greater than highest levels previously reported with various 
inoculation doses of E. acervulina (27.2 µM), E. maxima (17.5 µM) or E. tenella (16.5 µM) 
(Allen, 1997a,b; Allen and Fetterer, 2000), but less than that (85.1 to 180 µM) caused by LPS 
injection (Chapman and Wideman, 2006; Bowen et al., 2007).  In the current study, plasma NO 
concentrations of broilers at 28 d were actually lower for infected birds than for uninfected birds 
(P < 0.05), and were also influenced by diet (P < 0.05).  Plasma NO was greatest for birds fed 
the HA diet during the 21 to 28 d period, regardless of dietary Arg level fed from 10 to 21 d, 
with main effect means of 5.88, 7.82, 5.58, and 7.30 µM (SEM = 0.454) for birds fed the LA-LA, 
LA-HA, HA-LA, and HA-HA regimens, respectively. 
The majority of NO that accumulates in the plasma following Eimeria infection is likely 
derived from circulating iNOS-expressing macrophages (Lillehoj and Choi, 1998; Bowen et al., 
2009).  It has been demonstrated in vitro that macrophage NO production is readily influenced 
by extracellular Arg availability, with peak production from LPS-stimulated avian macrophages 
observed at 400 µM Arg (Sung et al., 1991).  Furthermore, dietary Arg status influences 
macrophage expression of Arg transporters  (D’Amato and Humphrey, 2010), and in vitro 
macrophage NO production can be inhibited by extracellular Lys due to competition between 
Arg and Lys for similar transport systems (Su and Austic, 1998).  Indeed, in vivo plasma NO in 
chickens has been demonstrated to decrease with reductions in dietary Arg concentration (Kwak 
et al., 2001; Khajali et al., 2011).  In the current study, it was clear that Lys was in excess relative 
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to Arg for birds fed the LA diet, and that plasma Arg concentration of infected birds fed the LA 
(136 µM ) and HA (342 µM) diets were both lower than the Arg concentration (400 µM ) 
previously suggested to maximize macrophage NO production.  Thus, the influence of dietary 
Arg on plasma NO at lower levels observed for uninfected birds at 21 d and all birds at 28 d, but 
not at peak levels induced by E. acervulina infection, may reflect a prioritization of Arg for 
iNOS-mediated NO production during the acute phase of coccidiosis.  Citrulline, which is also a 
product of iNOS conversion of Arg to NO, can be recycled to some extent by its conversion to 
Arg within avian macrophages (Su and Austic, 1999).  Plasma citrulline decreased (P < 0.05) 
with E. acervulina infection in the current study, and increased (P < 0.01) with dietary Arg 
reduction (Table 6.3), thereby providing supportive evidence of this phenomenon. 
Macrophages expressing iNOS compete for extracellular Arg with alternatively-activated 
macrophages that express arginase activity (Chang et al., 1998).  Like kidney arginase, 
macrophage arginase catalyzes the conversion of Arg to Orn and urea, presumably to provide 
Orn as a precursor of polyamines to support cell proliferation in tissue repair (Munder et al., 
1999).  Although the balance between iNOS and arginase expression in avian macrophages has 
been related to susceptibility of chickens to Marek’s disease (Djeraba et al., 2002), this 
relationship has not been investigated for Eimeria-infected broilers.  Furthermore, the extent to 
which macrophage arginase alters plasma Orn and urea concentrations, versus that derived from 
kidney arginase, is currently unknown. 
In summary, a 40% reduction in dietary Arg caused an imbalance in Arg and Lys status 
for broilers fed a low crude protein diet in the current study.  This imbalance appeared to 
exacerbate the effect of E. acervulina on feed efficiency of broilers during the acute phase of the 
infection, but had no influence on subsequent recovery of broiler growth performance.  
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Furthermore, our data suggest a prioritization of Arg for plasma NO production during an acute 
E. acervulina infection, which was not inhibited by the marked reduction in dietary Arg.  
Questions remain regarding changes in Arg metabolism that allowed for increased extracellular 
Arg availability, as indicated by the higher plasma Arg pool of infected birds, under the 
conditions of greater Arg demand for NO production and reduced dietary Arg availability (i.e., 
decreased feed intake and reduced Arg digestibility) for broilers during coccidiosis. 
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Tables
Table 6.1.  Ingredient and nutrient composition of experimental diets (%, as-fed unless otherwise 
noted) 
Item Low-Arg High-Arg 
Corn 38.00 38.00 
Soybean meal 19.00 19.00 
Dextrose 25.79 25.21 
Cellulose 3.40 3.40 
Soybean oil 1.84 1.92 
Sodium bicarbonate 1.20 1.20 
Limestone 1.03 1.03 
Dicalcium phosphate 2.17 2.17 
Vitamin premix
1
 0.20 0.20 
Mineral premix
2
 0.15 0.15 
Choline chloride (60%) 0.37 0.37 
Potassium carbonate 0.29 0.29 
Amino acid mixture
3
 6.56 6.56 
L-Arginine ̶ 0.49 
Calculated composition 
AMEn
4
, kcal/kg 3,100 3,100 
CP 16.78 17.77 
SID
5
 Lys 1.15 1.15 
SID TSAA 0.88 0.88 
SID Thr 0.77 0.77 
SID Val 0.87 0.87 
SID Arg 0.74 1.23 
Analyzed composition 
CP 17.43 17.67 
Total Arg 0.82 1.15 
1
Provided per kilogram of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 μg; dl-α-
tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; d-Ca-pantothenate, 10 mg; 
niacin, 22 mg; and menadione sodium bisulfite complex, 2.33 mg.
 
2
Provided per kilogram of complete diet: Mn, 75 mg from MnO; Fe, 75 mg from FeSO4・
7H2O; Zn, 75 mg from ZnO; Cu, 5 mg from CuSO4・5H2O; I, 0.75 mg from ethylene diamine 
dihydroiodide; and Se, 0.1 mg from Na2SeO3.
 
3
Provided the following (% of complete diet): 0.18 L-histidine; 0.29 L-isoleucine; 0.57 L-
leucine; 0.69 L-lysine·HCl; 0.47 DL-methionine; 0.09 L-cystine; 0.32 L-phenylalanine; 0.18 L-
tyrosine; 0.39 L-threonine; 0.08 L-tryptophan; 0.35 L-valine; 0.26 L-serine; 0.25 L-glycine; 0.36 
L-proline; 0.63 L-aspartic acid; 1.16 L-glutamic acid; 0.30 L-alanine.
 
4
AMEn = nitrogen-corrected apparent metabolizable energy 
5
SID = standardized ileal digestible 
    
 
  
1
5
1 
Table 6.2.  Growth performance of broilers fed low- or high-arginine diets before and after an Eimeria acervulina infection at 15 d 
post-hatch
1
 
 Uninfected Infected   
 LA HA LA HA  P-values 
Item
2
 LA-LA LA-HA HA-LA HA-HA LA-LA LA-HA HA-LA HA-HA SEM Diet Infection 
Diet × 
Infection 
10 to 15 d
3
             
BWG, g/b 197 236 ̶ ̶ 2.0 < 0.001 ̶ ̶ 
FI, g/b 320 331 ̶ ̶ 1.9 < 0.001 ̶ ̶ 
G:F, g/kg 617 712 ̶ ̶ 4.4 < 0.001 ̶ ̶ 
15 to 21 d
4
         
BWG, g/b 264 328 169 232 4.6 < 0.001 < 0.001 0.930 
FI, g/b 454 491 383 411 4.8 < 0.001 < 0.001 0.394 
G:F, g/kg 574
b
 666
a
 440
c
 562
b
 6.2 < 0.001 < 0.001 0.020 
21 to 28 d
5
             
BWG, g/b 362 456 431 481 418 469 420 472 21.6 < 0.001 0.415 0.375 
FI, g/b 786 800 810 834 808 770 835 834 31.2 0.332 0.849 0.777 
G:F, g/kg 459 571 533 575 518 604 504 565 19.9 < 0.001 0.363 0.103 
10 to 28 d
5
             
BWG, g/b 832 908 998 1,040 781 836 890 932 23.3 < 0.001 < 0.001 0.535 
FI, g/b 1,573 1,569 1,637 1,643 1,510 1,472 1,577 1,584 34.1 0.010 0.003 0.930 
G:F, g/kg 529 579 610 632 518 563 565 589 11.1 < 0.001 < 0.001 0.236 
a-c
Means within a row significantly (P < 0.05) influenced by a diet × infection interaction that do not share a common superscript are different  
(P < 0.05). 
1
Broilers were fed low (LA) or high (HA) arginine diets beginning at 10 d post-hatch and inoculated with 1 mL of distilled water containing 0 
(uninfected) or 3.5 × 10
5 
E. acervulina oocysts at 15 d post-hatch.  At 21 d post-hatch, half of the birds in the LA and HA groups were switched to 
the opposite diet (LA-HA or HA-LA), while the other half remained on the same diet throughout the trial (LA-LA or HA-HA). 
2
BWG = body weight gain, g/bird; FI = feed intake, g/bird. 
3
Values represent least-squares means of birds fed the LA or HA diets during the pre-inoculation period (n = 32).
 
4
Values represent least-squares interaction means of uninfected or infected birds fed LA or HA diets (n = 16).
 
5
Values represent least-squares interaction means of uninfected or infected birds fed LA-LA, LA-HA, HA-LA, or HA-HA regimens (n = 8).
 
 
    
 
  
1
5
2 
Table 6.3.  Plasma amino acid and urea concentrations (µM) determined at 21 d post-hatch for broilers fed low- or high-arginine diets 
and infected with Eimeria acervulina at 15 d post-hatch
1
 
 Uninfected Infected  P-values 
Item LA HA LA HA SEM Diet Infection 
Diet × 
Infection 
Arginine 102
c
 233
b
 136
c
 342
a
 16.9 < 0.001 < 0.001 0.029 
Lysine 975 308 1,049 609 61.4 < 0.001 0.003 0.068 
Arg:Lys 0.11
c
 0.77
a
 0.13
c
 0.59
b
 0.04 < 0.001 0.491 0.003 
Ornithine 12.0 31.4 21.6 63.0 3.97 < 0.001 < 0.001 0.453 
Orn:Arg 0.14 0.13 0.16 0.18 0.01 0.186 0.001 0.571 
Citrulline 36.7 29.6 30.9 25.0 2.38 0.006 0.026 0.813 
Urea 755 566 429 382 51.1 0.022 < 0.001 0.165 
a-c
Means within a row significantly (P < 0.05) influenced by a diet × infection interaction that do not share a common superscript are 
different  (P < 0.05). 
1
Broilers were fed low (LA) or high (HA) arginine diets beginning at 10 d post-hatch and inoculated with 1 mL of distilled water 
containing 0 (uninfected) or 3.5 × 10
5 
E. acervulina oocysts at 15 d post-hatch.  At 21 d post-hatch, half of the birds in the LA and HA 
groups were switched to the opposite diet (LA-HA or HA-LA), while the other half remained on the same diet throughout the trial 
(LA-LA or HA-HA).  Values represent least-squares interaction means of uninfected or infected birds fed LA or HA diets (n = 16). 
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Table 6.4.  Plasma carotenoid and total nitric oxide concentrations broilers of fed low- or high-arginine diets before and after an 
Eimeria acervulina infection at 15 d post-hatch
1
 
 Uninfected Infected   
 LA HA LA HA  P-values 
Item
2
 LA-LA LA-HA HA-LA HA-HA LA-LA LA-HA HA-LA HA-HA SEM Diet Infection 
Diet × 
Infection 
21 d
3
             
CRT, µg/mL 2.76
a
 2.44
b
 0.68
c
 0.69
c
 0.07 0.010 <0.001 0.004 
NO, µM 4.58
c
 6.92
b
 47.56
a
 47.01
a
 4.32 0.041 <0.001 0.016 
28 d
4
             
CRT, µg/mL 2.87 2.93 2.87 2.85 2.06 2.18 2.24 1.88 0.13 0.384 <0.001 0.602 
NO, µM 6.81 8.33 6.06 7.83 4.95 7.31 5.10 6.78 0.69 0.002 0.008 0.869 
a-c
Means within a row significantly (P < 0.05) influenced by a diet × infection interaction that do not share a common superscript are 
different  (P < 0.05). 
1
Broilers were fed low (LA) or high (HA) arginine diets beginning at 10 d post-hatch and inoculated with 1 mL of distilled water 
containing 0 (uninfected) or 3.5 × 10
5 
E. acervulina oocysts at 15 d post-hatch.  At 21 d post-hatch, half of the birds in the LA and HA 
groups were switched to the opposite diet (LA-HA or HA-LA), while the other half remained on the same diet throughout the trial 
(LA-LA or HA-HA). 
2
CRT = plasma carotenoids; NO = total plasma nitric oxide (NO2
-
 + NO3
-
). 
3
Values represent least-squares interaction means of uninfected or infected birds fed LA or HA diets (n = 16).
 
4
Values represent least-squares interaction means of uninfected or infected birds fed LA-LA, LA-HA, HA-LA, or HA-HA regimens 
(n = 8).
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CHAPTER 7: GENERAL CONCLUSIONS 
The overall focus of this dissertation was to evaluate the consequences of infection with 
E. acervulina on amino acid digestibility and metabolism in broiler chickens, with the ultimate 
goal of identifying potential opportunities for dietary intervention.  Four experimental objectives 
were previously outlined, and the conclusions from each are addressed below. 
Regarding Objective 1, growth performance, plasma carotenoids, and apparent ileal 
digestibility (AID) of amino acids decreased in a dose-dependent manner when birds were 
infected with graded doses of E. acervulina oocysts.  The greatest reductions in AID due to 
infection were for Cys, Ala, Val, Ser, and Thr.  Despite lower AID values for all indispensable 
amino acids except Trp, Arg was the only indispensable amino acid for which plasma 
concentrations were decreased by E. acervulina infection.  In contrast, plasma Lys, Leu, Ile, Val, 
Pro, and Orn of broilers increased with infection.  This revealed that reduced amino acid 
digestibility likely only played a minor role in altering the amino acid status of infected birds.  
Decreased plasma Arg, paired with concomitant increases in plasma Lys and Orn concentrations, 
indicated that infection may have induced antagonism between Arg and Lys.  There was no 
impact of E. acervulina infection on broiler plasma concentrations of 3-methylhistidine, a 
biomarker of skeletal protein degradation, or α1-acid glycoprotein, an acute-phase protein.  Lack 
of responses in these two outcomes indicate that overt muscle catabolism to provide amino acid 
substrates for acute-phase protein synthesis was probably not an important mechanism for birds 
subjected to our E. acervulina infection model. 
Regarding Objective 2, growth performance of broilers responded positively to increased 
amino acid density before and during the acute-phase of E. acervulina infection.  Supplemental 
copper had minimal influence on growth performance of broilers throughout the experiment, 
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with the exception of stimulating feed intake for birds fed the LAA diet during the pre-
inoculation period.  Infection of broilers with E. acervulina adversely impacted growth 
performance, apparent metabolizable energy, and AID of organic matter, nitrogen, and amino 
acids.  Similar to results from Objective 1, the greatest reductions in AID due to infection were 
for Cys, Ala, Val, Ile, Leu, and Thr, confirming that these amino acids are the most susceptible 
to malabsorption during an E. acervulina infection.  This is important to note, as Cys, Thr, Val, 
and Ile are among the most-limiting amino acids in commercial poultry diets.  A number of 
different interactions among dietary amino acid density, copper supplementation, and E. 
acervulina infection were observed on AID of amino acids.  Independently of E. acervulina 
infection, copper supplementation tended to increase AID of several amino acids for broilers fed 
the low amino acid density diet, but tended to decrease AID of several amino acids in broilers 
fed the high amino acid density diet.  Therefore, dietary copper supplementation may be 
particularly advantageous for broilers fed low crude protein diets. 
Regarding Objective 3, we reported excellent growth performance for broilers fed a diet 
containing less than 10% CP from intact sources that was equal to that of birds fed a typical 
corn-soybean meal-based diet containing 19% CP.  This diet allows for large manipulations in 
single amino acids and can therefore be used in future research to address a number of questions 
concerning amino acid nutrition for broilers.  Reducing individual or pairs of amino acids by 
40% relative to the concentration in the control diet differentially affected growth performance 
of broilers, with Val and Lys reductions causing the largest decreases.  Although coccidiosis did 
not result in significant changes in the growth performance ranking of dietary groups compared 
with uninfected birds, equal AA reductions differentially impacted the response of broilers to E. 
acervulina infection.  During the acute phase of infection, infection had the largest impact on 
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birds fed diets reduced in TSAA, Thr, Gly + Ser, and Arg, and birds fed reduced Thr were also 
most affected by infection during the recovery phase.  Eimeria acervulina infection increased 
gene expression of the intestinal cytokines interferon-γ, interleukin 1-β, and interlukin-10, and 
these responses were not influenced by any of the dietary amino acid reductions.  Results from 
Objective 3 therefore indicate that Eimeria infection does not appear to warrant drastic changes 
in dietary amino acid profile, but it is important to ensure that certain AA, particularly Thr, are 
not limiting in the diet. 
Regarding Objective 4, an imbalance between Arg and Lys status of broilers was caused 
by feeding a low crude protein diet formulated to contain 40% of the dietary Arg requirement, as 
indicated by growth performance and plasma levels of Arg, Lys, and Orn.  This imbalance 
appeared to exacerbate the effect of E. acervulina on feed efficiency of broilers during the acute 
phase of the infection, but had no influence on subsequent recovery of growth performance.  In 
contrast with results of Objective 1, E. acervulina infection increased plasma Arg levels.  
However, plasma Lys levels were concomitantly increased to a greater extent, thereby decreasing 
the plasma Arg:lys ratio.  Plasma NO levels of broilers were markedly increased during the acute 
phase of E. acervulina infection and were not inhibited by the 40% reduction in dietary Arg.  
This revealed a striking prioritization of Arg for NO production for broilers during coccidiosis, 
even under conditions of severe dietary Arg limitation. 
Collectively, data from this dissertation confirm that E. acervulina infection indeed has 
considerable implications for amino acid metabolism of broiler chickens.  Surprisingly, amino 
acid malabsorption appears to have little direct bearing on plasma amino acid profile of broilers 
during coccidiosis, potentially indicating that factors beyond reduced digestibility have a larger 
effect.  In particular, it seems that antagonism between Lys and Arg may occur.  In commercial 
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practice, broiler diets are routinely supplemented with Lys, but Arg supplementation is currently 
cost-prohibitive under most circumstances.  As such, dietary Arg concentration is typically lower 
in low-crude protein diets, while Lys levels are maintained by crystalline supplementation.  
Consequently, the Arg:Lys ratio of low-crude protein diets will likely be lower than that of diets 
that are higher in crude protein.  Further characterization of Arg metabolism in broilers fed high 
and low crude protein diets, as affected by E. acervulina infection, would help determine the 
potential for coccidiosis to induce antagonism between Lys and Arg under these conditions. 
